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Modified/smart water flooding is a low-cost enhanced oil recovery (EOR) technique
that works through the manipulation of injected water chemistry to disturb the es-
tablished ionic equilibrium in a reservoir system. Chemical manipulation is achieved
by the addition/removal of active/non-active ions, respectively. Added active ions are
known as potential determining ions (PDI) while removed non-active ions are known as
non-potential determining ions (non-PDI). The focus of this study is to investigate the
role of sulfate ions as PDI to select an optimum injection scheme and initiation time.
This work investigates the combination of two EOR methods (also known as the hybrid
method)—modified water flooding in the secondary mode and low-concentration poly-
mer flooding in the tertiary mode—to enhance the capability of the flooding process.
Modified water triggered fluid-fluid and rock-fluid interactions, and follow-up polymer
flood improved the macroscopic sweep efficiency due to a favourable displacement mo-
bility ratio. Hence, the hybrid EOR method is expected to be low-cost (as low poly-
mer concentrations are required) and to provide the combined benefits of both EOR
processes. This research work is focusing on experimental work. Evaluations were per-
formed through comprehensive laboratory evaluations that included measurements of
rheological behaviour, contact angle, interfacial tension, oil drop snap-off volume, and
wettability alteration. Furthermore, the synergetic effects of modified water and poly-
mer flooding were defined by flooding experiments using two types of micromodels with
modified-wettability and complemented with core flooding in Bentheimer outcrops.
The objective of the study is to investigate whether the main recovery mechanism
should be rock-fluid interaction, fluid-fluid interaction, or a combination of both as a po-
tential lead. Synthetic seawater (SSW) was used as the benchmark. Brine optimization
was performed by tuning the brine salinity and concentration of the sulfate, by either
diluting the brine to achieve total dissolved solids of around 5g/L or maintaining the
salinity of the SSW. Further, two types of formation brine (SSW, 2*SSW) were used
to compare the impact and significance of the presence of divalent cations (the hard-
ness contrast between the injection and formation brine). Subsequently, to investigate
wettability alteration, Bentheimer core plugs and glass-silicon-glass micromodels were
used as porous media for flooding experiments and to cross-validate the results. Three-
week and six-week aging of core plugs were considered to establish the attachment of
oil polar compounds resulting in mixed-wet and oil-wet core plugs. Similarly, oil-wet,
complex/mix-wet, and water-wet micromodels were used for oil recovery comparison.
Brine floods were performed as the secondary mode and polymer flooding as the tertiary
mode to optimize the synergies and benefits of the hybrid EOR techniques. In addition,
single-phase core-flooding experiments were performed to investigate the role of sulfates,
iii
salinity, and hardness for the polymer viscoelastic properties.
Oil recovery from core plugs was mainly obtained by alteration of the local wettability
to water-wet, which resulted from strong rock-fluid interaction as well as fluid-fluid in-
teraction at the fluid interface. However, the recovery factor from the oil-wet/mixed-wet
micromodel was achieved only through fluid-fluid interaction. The main reason for this
is that the oil-wetting condition in the micromodel was achieved by the chemisorption
of fluorinated silane at the matrix structure, which made it impossible for the modified
water to promote a change of the micromodel’s wettability to a water-wet state. Oil re-
covered from the two porous media approaches support the finding that wettability and
fluid-fluid interactions result in more oil recovery when the injected brine is spiked with
sulfate than SSW alone. Oil recovery comparison of oil-wet/mixed-wet with water-wet
micromodels demonstrates that an initial oil-wetting condition is a basic requirement
for the success of modified water flooding. Moreover, comparing data on the wettabil-
ity alteration of core plugs and micromodels shows this recovery mechanism dominates
over fluid-fluid interfacial interaction. Further, polymer flooding after modified water
injection produced significantly higher recovery compared to the seawater base brine
combined with polymer flooding. According to the single-phase polymer flooding data,
the presence of sulfate increased polymer sensitivity to mechanical degradation. Fur-
ther, polymer spiked with sulfate had higher pressure in two-phase polymer flooding
due to the interfacial ionic layer developed between the pre-flushed brine and dead oil.
Finally, a brief exercise evaluating the economic scenario of the project showed that
sulfate-modified brine is a cost-effective process based on oil recovery.
iv
Zusammenfassung
Wasserfluten geho¨rt zu den Standardverfahren bei der O¨lgewinnung. Hierbei wird pro-
duziertes Lagersta¨ttenwasser genutzt, welches hohe Salzkonzentrationen besitzt. Der
Einfluss der im Wasser gelo¨sten Ionen auf den Verdra¨ngungsprozess ist Gegenstand der
aktuellen Forschung. Wasserfluten mit chemisch modifiziertem Wasser ist eine verha¨ltnis-
ma¨ßig kosteneffektive EOR-Methode, bei der die chemische Zusammensetzung des in-
jizierten Salzwassers vera¨ndert wird. Hierdurch wird das Gleichgewicht der Ionen im
Reservoir vera¨ndert. Bei der chemischen Manipulation werden die Konzentrationen von
aktiven und passiven Ionen vera¨ndert. Aktive Ionen werden als potentialbestimmende
Ionen bezeichnet (PDI). Diese Arbeit untersucht den Einfluss von Sulfat-Ionen, um den
optimalen Injektionszeitpunkt und ein passendes Injektionsschema zu ermitteln. Es wird
eine Kombination aus zwei EOR-Methoden (Hybridmethode) genutzt. (1) Wasserfluten
mit modifizierter Ionenkonzentration im sekunda¨ren Modus und (2) Polymerfluten mit
geringer Konzentration im tertia¨ren Modus. Das modifizierte Injektionswasser vera¨ndert
die Wechselwirkungen zwischen den Fluiden sowie zwischen Fluid und Gestein. An-
schließendes Polymerfluten optimiert die makroskopische Verdra¨ngung von O¨l durch eine
stabilisierte Verdra¨ngungsfront. Es wird erwartet, dass eine Hybridmethode kosteneffek-
tiv ist (geringe Polymerkonzentration) und die mikroskopischen und makroskopischen
Effekte beider Methoden kombiniert werden. Der Fokus dieser Forschungsarbeit liegt
auf experimentellen Untersuchungen. Die Laboruntersuchungen beinhalten rheologis-
che Messungen, Kontaktwinkel-Messungen, Grenzfla¨chenspannung, dynamische Gren-
zfla¨chenspannung sowie die Vera¨nderung der Benetzbarkeit. Des Weiteren wurden Syn-
ergieeffekte zwischen modifiziertem Wasserfluten und Polymerfluten untersucht. Hierfu¨r
wurden Flutversuche in Mikromodellen mit zwei unterschiedlichen poro¨sen Strukturen
sowie unterschiedlicher Benetzbarkeit durchgefu¨hrt. Abschließend wurden Kernflutver-
suche in Bentheimer Sandstein durchgefu¨hrt.
Das Ziel dieser Untersuchung ist die Kla¨rung, ob der Verdra¨ngungsmechanismus
auf Wechselwirkung zwischen den Fluiden, zwischen Fluid und Gestein oder auf einer
Kombination basiert. Als Standard dienen Flutversuche mit synthetischem Meerwasser
(SSW). Durch Vera¨nderung der Salinita¨t und durch Zugabe von Sulfat-Ionen wurde die
Zusammensetzung der Salzlo¨sung modifiziert. Zwei Salzlo¨sungen mit unterschiedlicher
Salinita¨t wurden eingesetzt (SSW, 2*SSW), um den Einfluss divalenter Ionen auf den
Gewinnungsprozess zu untersuchen (unterschiedliche Ha¨rte zwischen Injektionslo¨sung
und Reservoir-Lo¨sung). Anschließend wurde die Benetzbarkeitsa¨nderung untersucht.
Hierfu¨r wurden Flutversuche in Bentheimer Sandsteinkernen und Glass-Silizium-Glass
Mikromodellen durchgefu¨hrt. Die Gesteinskerne wurden fu¨r drei bzw. sechs Wochen
gealtert, um die Adsorption polarer O¨lkomponenten auf der Gesteinsoberfla¨che sicherzu-
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stellen. Die Gesteinskerne besaßen somit gemischte Benetzbarkeit bzw. waren o¨lbenetzend.
Zum Vergleich wurden die Mikromodelle modifiziert, um o¨lbenetzende, gemischt benet-
zende und wasserbenetzende Oberfla¨chen zu erhalten. Salzwasserfluten im sekunda¨ren-
und Polymerfluten im tertia¨ren Modus wurden durchgefu¨hrt. Zusa¨tzlich wurden Einphasen-
Versuche vorgenommen, um den Einfluss von Salinita¨t, Ha¨rtegrad und Sulfat-Gehalt zu
untersuchen.
Die zusa¨tzliche O¨lausbeute war Folge der A¨nderung der lokalen Benetzbarkeit von
o¨lbenetzend hin zu wasserbenetzend. Dies war eine Folge starker Gestein-Fluid Wechsel-
wirkungen, sowie Fluid-Fluid Wechselwirkungen. Im Mikromodell war die O¨lgewinnung
jedoch eine Folge von Fluid-Fluid Wechselwirkungen. Dieser Unterschied ru¨hrt aus
der Tatsache, dass die o¨lbenetzende Eigenschaft des Mikromodells durch Chemisorp-
tion flourinierter Silane erzeugt wurde und somit keine A¨nderung der Benetzbarkeit
wa¨hrend des Experiments mo¨glich war. Die Ergebnisse unterstu¨tzen die Annahme, dass
die Injektion einer mit Sulfaten versetzter Salzlo¨sung zu einer A¨nderung der Benet-
zbarkeit sowie Fluid-Fluid Wechselwirkungen fu¨hrt. Als Folge wird eine zusa¨tzliche
O¨lgewinnung beobachtet. O¨lbenetzende Eigenschaften des poro¨sen Mediums sind hi-
erfu¨r eine grundlegende Voraussetzung. Der Vergleich von Gesteinskernen und Mikro-
modellen macht deutlich, dass die A¨nderung der Benetzbarkeit der dominierende Mech-
anismus ist. Des Weiteren fu¨hrte das Polymerfluten im Anschluss an das Wasserfluten
mit Sulfat dotierter Salzlo¨sung zu einer deutlich ho¨heren Ausbeute im Vergleich zum
Benchmark. Einphasenversuche zeigten, dass die Pra¨senz von Sulfat-Ionen mechanische
Degradation des Polymers versta¨rkt. Des Weiteren fu¨hrte der Einsatz von Sulfat-Ionen
zu einem erho¨hten Differenzialdruck beim anschließenden Polymerfluten. Diese Beobach-
tung wird auf Ionen-Wechselwirkungen an der Grenzfla¨che zwischen der Salzlo¨sung und
dem O¨l zuru¨ckgefu¨hrt. Abschließend zeigte eine vereinfachte o¨konomische Bewertung,
dass Wasserfluten eine kosteneffektive EOR Methode ist.
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To meet the increasing demand for hydrocarbon energy, it is essential either to discover
new fields or to apply new/existing technologies that enhance the recovery of oil in ex-
isting reservoirs. Typically, oil recovery from reservoirs is classified into three stages,
namely primary, secondary, and tertiary recovery. Primary recovery includes oil pro-
duction using the reservoir’s natural energy. Secondary recovery normally occurs after
primary recovery and provides assisted energy for further oil production. This recovery
stage involves maintaining the pressure of the reservoir either by water flooding or gas
injection. After both conventional recovery stages (i.e., primary and secondary recov-
ery), a significant amount of oil is left in reservoirs. A good portion of the unflushed
oil can be produced during the tertiary recovery stage, known as enhanced oil recovery
(EOR) [12]. This stage deals with the injection of components or fluids not present in
the reservoir (e.g., chemicals, gases, or heat energy).
EOR is often divided into four main classes: thermal recovery, miscible gas injec-
tion, chemical flooding (e.g., polymer flooding), and other methods [13] [14] [15]. The
latter class includes non-mature EOR techniques and mostly comprises EOR processes
under research and development, such as the injection of foam, microbial techniques,
and mechanized/modified/smart water [15]. Common practices suggest that detailed
screening criteria based on rock-fluid properties are utilized to select the most suitable
EOR technique for the target reservoir [16] [13] [14] [15]. Further, financial constraints
and economic analysis also play a vital role in the selection of a specific EOR technology.
1
1. Introduction
1.1 From Water Flooding to Modified/Smart Water
Injection
Water flooding is a widely accepted technique that has been used in oil reservoirs for
decades to maintain reservoir pressure and hence improve oil recovery. Conventional
water flooding uses either the produced formation brine or available water resources
(i.e., back-produced water or seawater) for injection. However, for a long time, little
attention has been paid to injected water chemistry and its compatibility with the rock-
oil-brine system. To date, various recovery mechanisms have been proposed based on
the chemical composition of injected water and its impact on rock-fluid interaction. One
such mechanism, proposed by the British Petroleum (BP) company, is low-salinity water
flooding (LoSal) [17]. Martin [18] made the first attempt to study the LoSal process
(subsequently referred to as modified water injection) and concluded that the injection
of water with a composition close to freshwater could improve oil displacement due to
the presence of clay in the rock matrix. Gradually, many core flooding experiments and
pilot tests validated his claims and thus confirmed the impact of chemically adjusted
water flooding in sandstone reservoirs [19] [20] [21] [22]. In the 1990s, significant ad-
vancements were made in research on the possible effects of low salinity [23] [21] [24],
and many recovery mechanisms involving modified water injection were proposed. Most
mechanisms appoint a key role to change the reservoir rock wettability from oil-wet or
mixed-wet to water-wet [25].
Modified water injection disturbs the established rock-oil-brine ionic equilibrium due
to the role of active ions (also known as potential determining ions, PDI) and helps
produce more oil. Morrow et al. [26] first proposed the concept of modified/smart water
flooding, which led to further investigations of the impact of injected water composition
on oil recovery. In a simple sense, modified water flooding involves either the addition
of active ions/salts or the removal of inactive ions/salts from the injection brine. This
addition or removal of specific salts changes not only the salinity but also the hardness
of the brine. Among these active divalent ions, sulfate (SO−24 ) is the most effective ion
in both sandstone and carbonate reservoirs for the design of modified water [27]. The
oil recovery mechanism from SO−24 is controlled by the ionic interactions taking place
in the reservoir. Clay and quartz present in the rock matrix are negatively charged
surfaces, and the negative polar compounds of the oil are attached to the rock surface
with the divalent ions serving as a bridge (Ca+2 and Mg+2 present in formation brine),
as shown in Figure 1.1(A) [28]. The positive polar compounds of the oil are attached
to the negatively charged rock surfaces, and the created chemical bonds result in the
oil-wetting condition of the sandstone reservoir. The negative polar compounds of the
2
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oil are replaced by SO−24 through Ca+2, Mg+2, causing bridging of the rock surface and
subsequently altering wettability towards a water-wet state [28], as illustrated in Figure
1.1(B). However, the wettability alteration process is catalysed if low-salinity modified
water flooding is performed. Low salinity further dilutes the divalent cations in the
formation brine, hence weakening the strength of the bonds.
Figure 1.1: Wettability alteration mechanism of SO−24 in sandstone. (A) refers to oil-wet; (B)
refers to water-wet condition of reservoir
Fluid-fluid interaction between oil and brine at the interface is another recovery
mechanism responsible for additional oil recovery during modified/smart water flooding
[29] [1] [30]. This interaction is developed at the oil-brine interface and results from
the ionic activity between modified brine and oil polar compounds (asphaltenes and
naphthenic acids) [31] [28] [32] [33]. However, this layer is sensitive to the salinity of
injected brine. Mahzari and Sohrabi [34], Morin et al. [35], and Sohrabi et al. [36]
demonstrated that low-salinity flooding produces a more stable and elastic surface at
the oil-brine interface. For instance, Morin et al. [35] found that this stable layer is
resistant to rupture and assists the continuous oil-phase transportation in porous media,
hence contributing to higher oil recovery.
1.2 Polymer Flooding
Polymer flooding is a well-established tertiary recovery mechanism and mature EOR
process. As water flooding has been adopted in most mature fields, adding polymers
to the injected water costs less than other chemical EOR methods, which require, for
instance, the use of surfactants. Polymer flooding has been the most widely used chemical
EOR process since the 1960s [37]. As the mode of action, polymer increases viscosity in
the injected aqueous phase, generating higher ultimate recovery due to improved mobility
control and sweep efficiency [38]. Increasing the viscosity of the injected aqueous phase











Subscript ”a”= aqueous phase (polymer)
Subscript ”o”= oil phase
where the numerator represents the displacing fluid (polymer) and the denominator
refers to the displaced phase (oil). Polymer flooding improves the volumetric sweep
efficiency due to a favourable mobility ratio, leading to late breakthrough and eliminating
fingering effects.
1.2.1 Polymer Rheology
The rheological behaviour of polymer is a key factor not only for the design of the EOR
technique but also for its economics and performance. Polymer injection is often de-
signed based on a target viscosity (e.g., oil viscosity at reservoir conditions), and surface
rheology is an excellent tool to predict and support this process. Polymer solutions are
non-Newtonian, meaning the viscosity of polymer solutions is shear-rate dependent. A
polymer solution can exhibit two types of viscosity—shear-thinning and shear-thickening
viscosity. Shear thinning is observed with a decrease in shear viscosity with an increase
in the shear rate, while shear thickening is observed with a proportional increase in shear
viscosity with an increase in the shear rate. Two types of polymers, namely biopolymers
and copolymers of acrylamide, are used in the petroleum industry. Biopolymers exhibit
only shear-thinning response due to a rod-like molecular structure; however, hydrolysed
polyacrylamide can exhibit both responses depending on the molecular weight and salin-
ity of the brine. Note that the shear-thickening response it is commonly associated with
viscoelasticity, which describes fluids (e.g., polymer diluted solutions) that exhibit elas-
tic and viscous properties simultaneously [39] [5]. Polymers with high molecular weight
used for EOR have been reported to have good viscoelastic response, with debatable
acceptance [40] [5] [41] [11] [39].
Rheological measurements performed in the laboratory (using a rheometer) can pre-
dict the shear-thinning response of polymer solutions. However, these measurements
cannot completely describe the shear-thickening response. One of the main reasons
for this is a lack of representation of the pore structure, mainly the change in flow
geometries causing interstitial velocity, which causes shear-thickening behaviour. The
converging-diverging geometry of porous media produces the contraction and extension
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of the polymer molecular structure and results in the shear-thickening response. Several
authors have reported different ways to define and predict the shear-thickening behaviour
of polymer used for EOR using either small amplitude oscillatory shear (SAOS), first
normal stress difference (N1), in-situ rheology, or elongational/extensional viscosity [5]
[42] [40] [43] [44] [45] [46].
Elongational or extensional viscosity is often associated with shear-thickening be-
haviour during flow through porous media, hence helping with the further understanding
of the flow dynamics of polymer solutions through porous media. These measurements
include single-phase polymer flooding through core plugs/sand-packs, extensional mea-
surements (e.g. eVROC®), and filament stretching devices [47].
1.2.2 Pilot Projects of Polymer Flooding
Polymer flooding has been performed in many pilot projects as a response to the poor
sweep efficiency of water flooding. The application of polymer flooding is expected to
result in additional oil recovery due to the higher aqueous viscosity of polymer. However,
formation brine salinity is a major challenge for application of the process at a field scale.
The higher salinity of formation brine significantly decreases polymer’s in-situ viscosity
and hence presents economic challenges for such projects [48] [49] [50]. These economic
constraints motivate companies to perform low-salinity pre-flush to optimize the process.
Water pre-flush is commonly used to decrease the salinity of the formation brine, which
is expected to improve polymer flooding performance [51] [52] [53].
• A pilot study performed in Marmul Field (Oman) and reported by Koning et
al. [54] describes polymer flooding with low salinity as a pre- and post-flush.
The salinity of the formation brine was reported as 3 g/L, and low-salinity pre-
flush/post-flush with 0.6 g/L NaCl brine was injected. A combination of polymer
injection with pre- and post-flush resulted in 59% of stock tank oil initially in place
(STOIIP).
• Wang et al. [55] presented pilot test data of the well-known polymer flooding
(PO as pilot one and PT as pilot two) application in Daqing Field (China). The
formation brine salinity was 7 g/L, and a pre-flush of low-salinity brine of 0.8–1.3
g/L was performed before polymer flooding (1000-ppm concentration of polymer).
Interestingly, the produced water salinity was reported in concentrations of 2 g/L
to 4 g/L. The combined oil recovery from pre-flush and polymer flooding increased
by 14% (pilot one) and 11.6% (pilot two) compared to water flooding.
• Al-Qattan et al. [53] presented a single-well chemical tracer test (SWCT) per-
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formed in one Wara producer of the Greater Burgan Field (Kuwait). The reported
connate water salinity was 160 g/L TDS. Low-salinity brine (diluted SWCT chemi-
cals) flooding was performed as SWCT Test #2. and low-salinity polymer injection
was performed as SWCT Test #3. The associated reduction of residual oil satu-
ration (Sor) was 7% from low-salinity pre-flush and low-salinity polymer flooding.
• Polymer flooding in the Adorf Field (Germany) was applied after a low-salinity
pre-flush [54] with formation brine with an initial salinity of 250 g/L. In this case,
polymer flooding did not contribute to the expected additional oil recovery. The
main reason for the poor performance was a reaction between the injected low-
salinity brine and the rock minerals. This reaction significantly increased the brine
hardness, hence limiting the viscosity control and performance of the polymer
flooding.
Observations from pilot projects support the hypothesis that pre-flush results in
a reduction of formation brine salinity and additional oil recovery that is produced
mainly through the viscosity-driven mechanism of polymer flooding. However, little
attention has been paid to the pore-scale mechanism triggered by low-salinity pre-flush.
Subsequent studies found that not only low salinity but also the chemical composition
of injection water could lead to increased oil recovery.
Based on the latest research, it is uncertain whether it was only the polymer flooding
process that contributed to the additional oil recovery in the pilot tests. It is assumed
that a significant amount of oil was also recovered due to the wettability alteration actu-
ated through the low-salinity brine flooding performed as a pre-flush. This assumption
summarises the concept of combining two EOR recovery processes, also known as hybrid
EOR, to contribute to significant additional oil recovery.
1.3 Combined EOR Mechanisms
The combined EOR mechanism can be defined as the combination of multiple EOR
processes, also known as the hybrid EOR method. Different methods have been combined
in the search for cost-effective EOR processes that could bring additional benefits to
applications with possible capital and operating expenditures optimization.
Combined processes are expected to displace oil more efficiently compared to the
application of a single technique due to multiple recovery mechanisms. For example,
combining polymer flooding with other EOR techniques (e.g., alkali, surfactant or low
salinity) has demonstrated positive effects on oil recovery [56] [7] [57] [58] [59]. The per-
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formance of polymer flooding mainly depends on the ionic composition of reservoir brine
[14] [47] [39]. The higher the ionic composition of the formation water, the more drastic
the decrease in polymer viscosity, with this also negatively affecting its viscoelasticity
[14] [5] [39] [41] [11]. As previously discussed, in practice, a reservoir is pre-flushed with
low-salinity water to reduce the salinity of the reservoir brine and produce additional oil.
Accordingly, polymer flooding after the low-salinity flooding is expected to lead to the
recovery of even more oil. Diluted brine injection combined with polymer flood has been
shown to increase recovery in sandstone core plugs [7] [59] [60]. However, the availability
of low-salinity brine resources limits the application of this combined process. Further
treatment of produced brine or seawater to prepare the low-salinity water requires initial
investment and operational costs [61] [62]. These economical restrictions further mo-
tivate injecting modified water as a pre-flush for polymer projects. Modified water is
accomplished by adding cheap and active salts/ions in the produced brine and seawater.
Similar to low-salinity brine, the combined recovery mechanism of modified/mech-
anized water in combination with polymer flooding is expected to produce higher oil
recovery. Modified water alters the reservoir wettability (rock-fluid interaction) from an
oil-wet to water-wet condition and detaches the oil polar compounds (asphaltenes and
naphthenic acids). Modified water is also expected to produce fluid-fluid interaction
between the detached oil and brine in parallel with wettability alteration to a water-
wet state. Follow-up polymer flooding after modified water is expected to lead to the
recovery of additional oil because of the improved mobility ratio [63] [58]. Thus, the
combined process of both EOR techniques is expected to produce significant additional
oil compared to only one EOR process. Moreover, the combined injection of modified
water with polymer flooding has been commercially proposed as an economical EOR
process. Modified brine is prepared by mixing low-cost and easily available salts/active
ions in produced brine or seawater. Moreover, low-concentration polymer is prepared
and injected after modified brine for mobility control. The low-concentration polymer
solution directly reduces the cost of the polymer required.
In summary, modified brine can be prepared at low cost and can initiate rock-fluid
(wettability alteration) and fluid-fluid interaction inside a reservoir to detach and pro-
duce oil polar compounds. Follow-up, low-concentration (low-cost) polymer will produce




This work investigates the combination of two EOR methods (modified brine injection
and polymer flooding), known as the hybrid EOR method, to enhance the capability
of the flooding process. Particular attention is given to the presence of sulfate in the
injection brine as a key parameter for comparison and optimization.
This work focuses on describing the flow behaviour of oil recovery from the injection
of sulfate-modified/low-salinity water in combination with polymer. It provides a de-
tailed microscopic visualization and macroscopic observations of the displacement taking
place during modified water flooding at a pore-scale level while evaluating the effect of
wettability on oil recovery. A comprehensive workflow for the evaluation is proposed
that includes fluid-fluid and rock-fluid interactions. On one hand, polymer flooding is
expected to improve the macroscopic sweep efficiency due to a favourable displacement
mobility ratio. On the other hand, modified water will affect the microscopic sweep
efficiency by triggering fluid-fluid and rock-fluid interactions. Hence, the hybrid process
is expected to provide the combined benefits of both EOR methods.
Modified water injection as a pre-flush is expected to change the reservoir wettability
from oil-wet to water-wet and change the fluid distribution in the reservoir. Detached
oil droplets are expected to move from small pores to large or medium pores. Polymer
flooding after modified brine is expected to produce the redistributed oil phase easily
due to improved sweep efficiency. Low-concentrations polymer solutions will be required
for combination with a pre-flush of modified water, which will decrease the cost of EOR
projects.
1.5 Scope of the Study
The main objective of the study is to investigate the synergies and benefits of modi-
fied water injection combined with polymer flooding. The role of sulfate to disturb the
established ionic equilibrium in the reservoir (rock-oil-brine) is investigated with vari-
ous injection brine recipes. Follow-up low-concentration/viscosity polymer flooding in
the tertiary mode is investigated to propose a cost-effective hybrid EOR process. An
experimental investigation is performed to study the possible rock-fluid and fluid-fluid
interactions of the modified water and the viscoelastic response of diluted polymer solu-
tions. Further, this study provides clear insights on the dominant recovery mechanism
of the rock-fluid and fluid-fluid interactions directing different porous media (i.e., Ben-
theimer core plugs and glass-silicon-glass micromodels). Further, the impact of sulfate,
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brine salinity, and hardness are investigated on polymer viscoelastic properties by per-
forming single-phase core flooding. The scope of this study is summarised in the following
objectives:
• Assess the modified water design, focusing on the injection of brines with low salt
compounds (6 5g/L).
• Investigate the modified water design based on the presence of sulfate using syn-
thetic seawater composition (≈ 42 g/L).
• Evaluate and define the synergies and benefits of the hybrid EOR process, which
comprises modified water injection combined with polymer flooding.
• Appraise the visualization of the displacements taking place in micromodels during
various brine flooding while evaluating the effect of wettability on oil recovery.
• Evaluate, compare, and investigate modified water flooding using experimental
data, including fluid-fluid and rock-fluid interactions, to understand the dominant
recovery mechanism.
• Determine the impact of sulfate and evaluate the influence of semi-harsh conditions
(i.e., salinity, hardness, and temperature) on polymer viscoelastic properties during
polymer flooding.
• Perform basic economic analysis of the preparation of modified water and low-
salinity brine for the project.
1.6 Outline of the Thesis
This work is presented in ten (10) chapters. The first two chapters are an introduc-
tion and literature review, and the final chapter is the conclusion. The other chapters
describe the scope of the study (objectives) and provide an outline to answer open ques-
tions. Figure 1.2 summarises the outline of the thesis. Note that a majority of the data
presented in the chapters have been published either in conference or journal pre-review
papers.
The objectives of the study are addressed and presented in the following chapters.
Chapter 2: State of the Art and Literature Review
This chapter briefly introduces the evolution of the water flooding process and the
development of modified/smart water technology. It also summarises the proposed re-
covery mechanisms of low-salinity and modified water flooding, as well as the role of
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Figure 1.2: Overview of Thesis Outline
active ions in designing the injection water recipe. Moreover, it summarises the hybrid/-
combined EOR investigation performed to provide an understanding of the importance
of multiple combined EOR processes.
Chapter 3: Materials, Methods, and Experimental Setup
This chapter presents the chemicals used to prepare different brine recipes, the dead
oil samples, and porous media utilized for flooding experiments. Further, it briefly
describes the experimental setup as well as the steps adopted to perform the experimental
investigation.
Chapter 4: Modified Low-salinity Flooding Combined with Polymer Flooding
This chapter compares oil recovery factors and pressure data for low-salinity brine
flooding, low-salt sulfate-modified water injection, and polymer flooding in the secondary
stage into oil-wet Bentheimer core plugs. Moreover, a comparison is drawn for the
application of low-salinity and modified water flooding between secondary- and tertiary-
mode flooding scenarios to select the optimum injection scheme.
Chapter 5: Modified Seawater Flooding Combined with Polymer Flooding
This chapter investigates the approach of utilizing synthetic seawater to design mod-
ified water from oil-wet Bentheimer core plugs. It describes the impact of injection brine
composition on fluid-fluid interaction, focusing on the oil drop snap-off volume and static
interfacial tension. The chapter also describes the wettability alteration achieved by the
aging process of Bentheimer core plugs.
Chapter 6: Sulfate-modified Sea Water Flooding in Micromodels
This chapter presents a visual analysis of images obtained during brine floods to
validate the oil recovery results obtained from core plugs investigated in Chapters 4 and
5. Two types of micromodel chips and three types of wettability are investigated to
10
1. Introduction
understand the recovery mechanism based on fluid-fluid and rock-fluid interactions.
Chapter 7: Comparative Investigation of Modified Water Injection
This chapter provides a comparative analysis of the results obtained in Chapters 4
through 6. This comparison helps to conclude that the primary recovery mechanism
of low-salt and modified water injection is either wettability alteration or fluid-fluid
interaction. Further, this chapter describes the limitations of micromodels compared to
core floods, focusing on rock-fluid interaction.
Chapter 8: Polymer Viscoelastic Properties
Chapter 8 investigates polymer viscoelastic properties using single-phase polymer
flooding in Bentheimer core plugs. Investigation parameters are salinity, hardness, and
temperature as well as the presence of sulfate in the mixing brine of polymer solutions.
Chapter 9: Economic Perspective Analysis
This chapter provides a fundamental economic analysis and compares the different
brine recipes, focusing on capital investment and operational costs required versus the
recovery factor obtained.
Chapter 10: Conclusions





State of the Art and Literature
Review
This chapter describes the evolution of the water flooding technique from its beginning to
the present use of modified water flooding. Further, it discusses the role of active ions and
the previously proposed concept of potential determining ions (PDI) and non-potential
determining ions (non-PDI) to assess its possible contribution to additional oil recovery.
Subsequently, the chapter addresses the main recovery mechanisms of modified water
and polymer flooding to clarify the pore-scale mechanisms of the hybrid EOR process.
Moreover, it concisely presents the hybrid EOR process that combines modified injection
with polymer flooding based on previous investigations.
2.1 Salinity Aspects during the Water Flooding Pro-
cess
Water-quality control is an important aspect of process applications, mainly from the
operational point of view [64]. Quality control leads to better results when the water
flooding process is applied for the purpose of enhanced oil recovery. Martin [18] first
observed an increase in oil recovery using low-salinity water in sandstone reservoirs.
Subsequent studies found that not only low-salinity water flooding but also chemically
modified/smart water flooding can lead to increased oil recovery. Some researchers have
used the terms low salinity and smart water synonymously [65].
Low salinity involves the dilution of injected water (i.e., seawater/produced brine)
with fresh water to reduce the total dissolved solids (TDS) [66] [67]. This reduces the
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ionic strength of the injected water but the hardness may remain the same. On the other
hand, smart/modified water involves manipulating the ionic strength (hardness) of the
injected water [68]. This manipulation is aimed at disturbing the established rock-
oil-brine ionic equilibrium, which could result in optimum oil recovery by improving
the microscopic displacement efficiency. Hence, the hardness of injected water is also
manipulated by the ionic concentration.
In a simple sense, modified water flooding involves either the addition of active ion-
s/salts or the removal of inactive ions/salts from the injection brine. This addition or
removal of specific salts changes not only the salinity but also the hardness of the brine
[69]. Morrow et al. [26] first proposed the concept of smart water, which led to later
investigation of the impact of injected water composition on oil recovery [17] [70] [71] [72]
[24] [73] [22] [27]. Chemically modified water flooding has been studied as an enhanced
oil recovery technique through sandstone core plugs and field tests [74] [75] [19] [1] [68]
[76]. Modified water flooding has received significant attention as an EOR technique
due to its low cost and environmental friendliness compared to other EOR methods.
Modified water is created through the manipulation of injected brine chemistry [74] [77]
[75] [78]. This manipulation includes the removal of specific inactive ions/salts as well as
the addition of some active ions/salts. The modification of injected brine’s salinity and
hardness establishes rock-fluid and fluid-fluid interactions in the reservoir and initiates
the various recovery mechanisms responsible for higher oil production.
2.1.1 Recovery Mechanisms of Low Salt and Modified/Smart
Water
Smart water flooding and low-salinity flooding have common recovery mechanisms,
namely wettability alteration [79] [80] [81] [82], multicomponent ion change (MIE) [19],
clay swelling [79] [19] [80] [82], change in pH value [75] and fluid-fluid interaction at the
oil-brine interface [31] [83] [84]. However, this research mainly focuses on the investiga-
tion of wettability alteration and the interfacial mechanism at the fluid interface. Both
mechanisms are based on the ionic activity among the injection brine, formation brine,
oil polar compounds, and rock matrix. The expectation is that modified water injection
disturbs the established rock-oil-brine ionic equilibrium due to the role of active ions
(potential determining ions, PDI), helping to produce more oil.
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Wettability Alteration
Wettability alteration of the reservoir from an oil-wet to water-wet state is a well-
established recovery mechanism of low-salinity/modified water flooding, as many studies
have reported [79] [80] [81] [82]. The injection of modified water disturbs the established
rock-oil-brine ionic equilibrium, which, in turn, releases the oil polar compounds attached
to the rock surface. The detachment of oil compounds causes wettability alteration from
oil-wet to water-wet. According to information reported in the literature [28] [69] [67],
the basic requirements for the successful application of either process, low-salinity or
smart water flooding, are similar. The following are requirements for wettability alter-
ation of rock formations from an oil-wet to water-wet state to be the primary oil recovery
mechanism:
• Reservoir rock should be oil-wet/intermediate-wet [22] [67] [25]
In an oil-wet/intermediate-wet state, oil polar compounds are attached to the rock
surface through ionic interactions. Low-salinity/modified water flooding targets
these polar compounds, detaching them from the rock surface, as shown in Figure
1.1, and hence producing additional oil recovery through wettability alteration
from oil-wet/intermediate-wet to water-wet.
• Existence of polar compounds in the oil [31] [83] [84]
Polar compounds are mainly composed of asphaltene and naphthenic acids (NAs)
and act as surface active compounds. These two surface active compounds are
known not only to stabilize water-in-crude oil emulsions but also to constitute the
interfacial film at the fluid-fluid interface. Asphaltene is insoluble in low molecular
weight alkanes (n-heptane or n-pentane) but soluble in aromatics (toluene). The
interfacial viscoelastic layer at the brine-oil interface is produced due to the slow
and irreversible adsorption process of asphaltene at the fluid interface [85] [86]
[87]. Acevedo et al. [88] described the positive effects of asphaltene to develop
the oil-brine interface’s rheological properties. Another fraction of crude oil is NAs
which are composed of cycloaliphatic carboxylic acids (R-COOH) [84] [89]. These
NAs are hydrophilic compounds and are accumulated at the oil-brine interface.
Further, NAs can also dissociate in the aqueous phase and reach cations present
in the brine to form naphthenic salts. These salts can accumulate at the oil-brine
interface. However, the role of NAs remains uncertain because some studies claim
that NAs improve oil-brine interface elasticity [84], while others claim they soften
the interfacial film [90].
• High content of divalent cations in the formation brine [17] [91]
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Divalent cations provide the bridging connection between oil polar compounds and
rock surfaces. Mainly, Ca+2, Mg+2 play a significant role to create a bond, as
shown in Figure 1.1.
In addition, contrary to previously reported cases, recent research has proposed that the
presence of clay is not important for wettability alteration from an oil-wet to water-wet
condition [29].
Oil-Brine Interfacial Interactions
Some authors have proposed the role of fluid-fluid interfacial interactions as a recovery
mechanism other than wettability alteration [29] [1] [30]. They claim that wettability
alteration cannot be the only factor in low-salinity/smart water flooding contributing to
high oil recovery [29] [1] [30]. Therefore, another parameter that plays an important role
in modified water flooding is the interfacial interaction between the brine and oil phases
(fluid-fluid interaction).
These properties are static interfacial tension as well as dynamic interfacial rheology
caused by ionic interfacial interactions at the fluid interface [92] [31]. Additionally, in
recent years, a great deal of research has investigated the role of interfacial rheology
(dynamic interface response) in the brine-oil system, as presented in Figure 2.1 [1] and
in Figure 2.2 [2].
Figure 2.1 reports the impact of sulfates on brine-oil interfacial elastic moduli, viscous
moduli, and viscoelasticity. Figure 2.1 summarises that three times and five times higher
(spiked) sulfate (3S and 5S) in seawater results in the highest response of viscoelasticity
and viscous and elastic moduli. Similarly, Figure 2.2 shows the impact of sulfates on
elastic moduli. Figure 2.2 shows that Na2SO4 results in the highest elastic moduli over
time (hours) at the oil-brine interface compared to NaCl and CaCl2.
From the results in Figure 2.1 and Figure 2.2, it can be concluded that the spiked
amount of sulfate improves the oil-brine interfacial interaction. Mohamed and Alvarado
[1] reported that 3S and 5S brine produced optimum interfacial viscoelasticity. Improved
dynamic stability forms a mechanically stable interfacial surface at the brine-oil interface
and prevents snap-off oil droplets. Further, detached oil compounds develop liquid-liquid
interaction with modified water to develop a stable layer at the interface [68] [93]. Some
researchers believe the formed fluid interface (oil-brine) is the main recovery mechanism
other than wettability alteration [29] [30] [33].
In light of these findings, ionic manipulation plays a key role in developing inter-
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Figure 2.1: Interfacial a) viscoelasticity b) viscous and c) elastic moduli; d) tanδ (=E”/E’)
for crude oil and five brines with different concentrations of sulfate ions in seawater. Adapted
with permission from [1]. Order License ID:101369-1
facial interaction between brine and oil (fluid-fluid interaction). Studies show that the
interfacial film forms when the NAs and asphaltene present in crude oil and divalent
ions in the aqueous phase accumulate at the interface [32] [33]. However, this layer is
sensitive to brine salinity and forms a more stable layer under low-salt brines. According
to Mohamed et al. [1], sulfates improve interfacial rheology between the two phases,
resulting in higher oil recovery. In other words, from a fluid-fluid interaction point of
view, sulfates could improve the stable interface resulting in oil-phase snap-off suppres-
sion and increase the oil drop size [3] [1] [93]. The fluid-fluid interaction is developed
at the interface between the oil polar compounds and ions present in the brine forming
a layer. The layer assists in transporting the continuous oil phase and resists the oil
snap-off, hence producing more oil [35].
While the above-described studies of both recovery mechanisms—wettability alter-
ation and fluid interfacial interactions—provide valuable information, the role of the
main recovery mechanism of these two remains uncertain and needs to be investigated.
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Figure 2.2: Elastic modulus for crude oil and different brines with the same ionic strength.
Adapted with permission from [2]. Order License ID:101369-2
2.1.2 Sulfate as the Effective Potential Determining Ions (PDI)
Multivalent ions play a significant role in designing effective modified water. Therefore,
most laboratory studies have investigated the impact of spiked SO−24 , Ca+2, Mg+2, BO−33
and PO−34 on oil recovery [94] [69] [93] [27]. These ions are called potential determining
ions (PDI) [22]. Due to their high ionic charge, these ions disturb the established ROB
ionic balance and cause the release of polar oil compounds. In other words, PDI catalyses
the fluid-fluid and rock-fluid interaction process inside the reservoir. One important
aspect is that among these PDIs, sulfate SO−24 has proven to be the most effective for
application in sandstone and carbonate reservoir rock [1] [27] [22].
Mohamed and Alvarado [1] investigated sulfate as a key parameter to design a smart
water recipe for Berea sandstone core plugs, as shown in Figure 2.3. In Figure 2.3,
x-axis represents the composition of injected brines. The first brine, 0S, represents
seawater without sulfates, and the second brine, SW, is the base reference seawater.
The third and fourth brines, 3S and 5S, represent three times and five times increased
sulfate (spiked amount) in seawater. The last brine, 10SW, depicts ten times diluted
seawater. The last three brines produced the highest oil recovery; however, 3S and 5S
brine showed promising results for oil-brine interfacial viscoelasticity, according to the
authors. Therefore, the amount of sulfate to be added in the modified water is a critical
factor in the effective flooding process.
The wettability alteration process in sandstone reservoirs (clay and quartz) by a
spiked (increased) amount SO−24 is summarized in Figure 1.1. A spiked (increased)
amount of SO−24 in injected brine disturbs the ionic equilibrium of the system, resulting
in the replacement of negative oil polar compounds with SO−24 through Ca+2 and Mg+2
bridging the rock surface. Thus, oil polar compounds are released, and SO−24 is attached
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Figure 2.3: Oil recovery factor as a function of the amount of sulfates in injection brines.
Adapted with permission from [1]. Order License ID:101369-1
to the rock surface through ionic bridging, resulting in a water-wet rock surface.
Nevertheless, a higher concentration of sulfate can be problematic when there are
significant amounts (supersaturation) of divalent cations (Ba+2, Sr+2 and Ca+2) in the
formation water. Due to supersaturation and chemical reactions, precipitation of CaSO4,
BaSO4 and SrSO4 can occur. If the reservoir temperature is high enough, then this
scaling issue can be even worse compared with lower temperatures, as high temperature
enhances the precipitation process [95] [96]. This process, in turn, will cause major
injectivity issues due to the generated formation damage and pore plugging around the
wellbore [97] [98] [99]. Precipitation and pore-plugging problems challenge the efficiency
of sulfate-modified water injection and can make any project uneconomical. Recently,
Ghosh et al. [98] studied the prediction of precipitation formation using a simulation
technique and presented scale control methods.
Similarly, monovalent ions have no significant impact on additional oil recovery and
are defined as non-PDI (Na+1 and Cl−1 and K+1). Thus, monovalent ions should be
either removed or diluted to design the modified water. To enhance the wettability
alteration of rock formations from oil-wet to water-wet, some researchers have proposed
decreasing the Na+1 concentration in the injected water to design optimum modified
water for the target reservoir system [3]. Figure 2.4 and Figure 2.5 show the impact of
decreasing the amount of non-PDI (Na+1) and increasing the amount of PDI sulfates
(SO−24 ) in injection brines [3]. The results shown in Figure 2.4 and Figure 2.5 indicate
that increasing the amount of SO−24 and decreasing the amount Na+1 produces higher
cumulative oil recovery. However, pore volumes injected to achieve oil recovery from
core plugs are less realistic compared to field-scale applications. Therefore, oil recovery
obtained below 5PV injected is relevant, focusing on the field-scale application.
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Figure 2.4: Oil recovery factor as a function of the amount of Potassium Sulfates in injection
brines [3]. Permission under Creative Commons Attribution-NonCommercial-No Derivatives
License
Turning to recent research on designing smart/modified water, mostly spontaneous
imbibition experiments and fluid interfacial measurements have been performed to in-
vestigate the impact of sulfates [94] [28] [98] [1] [3] [100] [31]. A selected number of
published experiments have been performed using core flooding and sand-pack [29] [78]
[100] [74] [75] [101]. Some authors have proposed wettability alteration as the main re-
covery mechanism while others have proposed fluid-fluid interaction at the interface. The
presented research is clear evidence an investigation be made to assess whether the dom-
inating recovery mechanism of spiked SO−24 is wettability alteration or fluid interfacial
interactions.
2.2 Recovery Mechanisms of Polymer Flooding
A significant amount of remaining oil saturation is left in the reservoir due to the poor
sweep efficiency of brine flooding [102] [103] [14]. Hence, polymer flooding is performed
to recover the unswept and distributed oil saturation remaining. The literature [104]
[5] has reported many recovery mechanisms of polymer flooding, for instance, viscous
fingering reduction [105], relative permeability reduction [58], pull-out in dead-end pores
[106], stripping from oil-wet surfaces [107], enhanced flow between heterogeneous layers
[14] [58], shear thickening [5], and elastic turbulence [108]. However, all of the men-
tioned recovery mechanisms are associated with polymer’s improved mobility ratio and
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Figure 2.5: Oil recovery factor as a function of the amount of Magnesium Sulfates in injection




Polymer increases aqueous phase viscosity and hence improves the sweep efficiency of
the reservoir [109] [52]. The main recovery mechanism of polymer flooding is improved
mobility control, as defined in Equation 1.1, in the porous media to produce a uniform
displacement front and hence improve oil bank recovery. However, mobility control of
the polymer solution is challenged by the salinity of formation brine. This limitation is
encountered in multiple approaches, as outlined in the following:
• Polymer solutions are prepared in high concentrations to overcome the effects of
formation brine salinity. There is a decrease in polymer in-situ viscosity, but high
concentrations of polymer solutions can sweep the reservoir to contribute to ad-
ditional oil recovery. On a commercial scale, high-concentration polymer flooding
was performed in the Daqing Field and produced 20% original oil in place (OOIP)
[110]. Field tests concluded that high-concentration polymer injection is safe and
commercially economical.
• A couple of pilot tests and many laboratory experiments have concluded that
low-salinity pre-flush can be performed to decrease the salinity and hardness of
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formation brine [111] [51] [55]. Polymer flood after the pre-flush is expected to
have suitable in-situ polymer viscosity, hence contributing to higher oil recovery.
• Recently, the concept of the hybrid EOR method using combined low-salinity water
flooding with polymer flooding has also shown promising results for oil recovery [7]
[53]. Low salinity also decreases the salinity of formation brine in a similar manner
as pre-flush and polymer flooding afterward retains good mobility control.
• Mixing polymer solutions in low-salinity water is also an effective approach to
handling harsh conditions for reservoir brine [112] [113] [60]. This method produces
high-viscosity polymer solutions utilizing the lower concentrations of the polymer
product.
The presented information is good evidence of the dependence of polymer mobility
control on formation brine and will thus be advantageous for investigating the role of
modified water injection as pre-flush for polymer flooding.
2.2.2 Polymer Viscoelasticity
Hydrolysed polyacrylamides (HPAMs) are the most widely used polymers in the oil in-
dustry due to their low cost and commercial availability [114]. Some HPAM polymers
with high molecular weight have viscoelastic properties, behaving like a solid or liquid
depending on interstitial flow conditions. Due to viscoelasticity and their non-Newtonian
nature, HPAMs may depict shear-thinning behaviour at low shear rates and shear thick-
ening behaviour at medium-high shear rates [4] [5]. Shear-thinning behaviour is defined
as a decrease in shear viscosity as the shear rate increases, while shear-thickening be-
haviour is an increase in shear viscosity as the shear rate increases, as depicted in Figure
2.6 and Figure 2.7.
Shear-thickening behaviour also depends on the relaxation time of polymer when it
flows through converging-diverging geometry (elongational viscosity) [5]. Various authors
have asserted that HPAMs increase displacement efficiency due to their elastic properties
[103] [115] [116]. Thus, recovery efficiency, which is a product of displacement efficiency
(ED) and volumetric sweep efficiency (EV ), is increased by viscoelastic HPAM polymer
flooding.
E = ED ∗ EV (2.1)
Viscoelasticity of HPAMs used for EOR is restricted by various factors, such as:
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Figure 2.6: Viscoelastic flow with shear-thinning region and shear-thickening region. Adapted
with permission from [4]. License Nr.:4750180422492
• Degradations caused by mechanical shear and chemical reactions [117] [118] [119]
Mechanical shear is caused during polymer solution preparation through mixing
devices, injection pumps, flow lines, and valves from storage tanks to injection
wells. Chemical degradation is caused by a chemical reaction. For example, the
polymer may be sensitive to oxygen and thus oxygen scavengers are added to the
solution.
• Reservoir temperature [120] [47] [121]
Polymer solutions are sensitive to temperature. High temperature causes break-
down of the molecular backbone chain structure, which, in turn, decreases polymer
viscoelasticity.
• Hardness of the water (brine) in the reservoir [122] [47]
Hardness is the amount of cations in the brine. A high amount of cations will re-
sult in low polymer viscosity. Polymer’s ball-like molecular structure is composed
of negative charges, and the repulsive forces of negative charges result in a larger
ball-like molecular structure. High concentrations of cations react with the nega-
tive charge of polymer, hence decreasing the ball-like molecular size. A reduction
in molecular size results in the loss of polymer viscosity and hence also reduces
viscoelasticity.
These conditions place a strain on project economics as they negatively affect polymer
performance [123] [124]. Surprisingly, however, until recently, a majority of the research
has neglected the impact of sulfates/modified brine as pre-flush on polymer viscoelastic
properties.
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Figure 2.7: Graphic illustration of viscoelastic flow behaviour [5] [6]
2.3 Combined EOR Processes
Modified water with an increased amount of sulfates, combined with other EOR meth-
ods, is expected to produce additional oil recovery due to multiple recovery mechanisms.
Similarly, the combination of polymer flooding with other EOR techniques has demon-
strated positive effects on oil recovery [56] [7] [57] [58] [59]. Figure 2.8 presents the impact
of the hybrid/combined EOR process of low salt combined with polymer flooding on the
reduction of remaining oil saturation [7]. Figure 2.8 depicts low-salinity flooding in the
secondary stage and low-concentration polymer (300 ppm) flooding in the tertiary mode.
A significant amount of oil is produced through the hybrid EOR method.
A potential benefit of the hybrid EOR method is the role of multiple recovery mech-
anisms in enhancing the capability of the flooding process. Further, this technology can
be used for a proposed commercially economical EOR method. During the combined
EOR flooding process, low-viscosity/concentration polymers are injected after the mod-
ified water [7] [93]. However, recovery factors obtained are promising compared with
high-concentration polymer flooding alone. Moreover, small concentrations of polymer
in the hybrid method also reduce the potential environmental risks.
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Figure 2.8: Oil recovery factor, pressure profile, and injection rate as functions of injected vol-
ume during hybrid lowsalt and lowsalinity-polymer injection for intermediate-wet core. Adapted






This chapter describes the chemical composition of brines utilized for the flooding ex-
periments conducted to design optimized sulfate-modified water for sandstone reservoirs.
Moreover, it presents two types of porous media used with petrophysical rock character-
istics. Further, it explains in detail approaches used to investigate rock-fluid interaction
(contact angle) and fluid-fluid interaction (static interfacial intention and oil drop snap-
off volume). The chapter also documents the experimental set-up adopted to perform the
flooding experiments, as well as the preliminary procedural steps. Concise details of the
methodologies used for the preparation of polymer diluted solutions with the required
viscosity are also a vital part of this chapter.
3.1 Fluids
3.1.1 Brines
Different salt components are mixed with deionized water to prepare brines. Four groups
of brines (BG1, BG2, BG3, and BG4) were prepared for this study. The brines were
filtered through a 0.2-µm millipore filter by applying 2.0 bar of N2 pressure to avoid any
undissolved components.
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3. Materials, Methods, and Experimental Setup
The first group (BG1) was used to evaluate the effects of hardness and the amount
of divalent cations present in the formation brine. In other words, this group provided a
comparison based on the formation brine composition to design effective sulfate-modified
water for the target reservoir. 2∗SSW represents the doubled amount of salts of synthetic
seawater used to prepare the brine. The second group of brines (BG2) was prepared to
design a low salinity sulfate-modified water based on sulfates. The brine composition
was optimized using synthetic seawater (SSW) as a base brine. Brine optimization was
achieved by diluting (in freshwater) the SSW-brine (DSSW) and SSW with the doubled
sulfate amount to a tenth of its initial concentration (DSSW + 2SO−24 ). The objective
was to keep the total dissolved solids ≈ 5g/L to investigate the impact of low-salt brine
and low-salt sulfate-modified water injection. The third group of brines (BG3) was
designed to optimize the modified water recipe with total dissolved solids of ≈ 42g/L
(equal to seawater). SSW was used as the base brine and, therefore, was a benchmark.
Brine optimization was performed by the addition of sulfates or removal of sodium ions.
Table 3.1 describes in detail the brines used. SSW + 2SO−24 represents the base brine
(SSW) with a doubled amount of sulfates while SSW + 4SO−24 indicates a quadrupled
amount of sulfates. While SSW–Na represents the complete removal of sodium ions
from SSW. The last brine group, BG4, was used to investigate the brine hardness,
salinity, and impact of sulfates on polymer viscoelasticity. Brine hardness is calculated
using the proportion of divalent ions in each brine. The parameter R+1(hardness) is
defined according to Equation (3.1) by weight, as explained by Tabary [125] and Tay
[126]. Table 3.2 presents an example of hardness calculation for SSW.
R+1 =
∑(DivalentCations)∑(TotalCations) (3.1)
Table 3.2: Hardness calculation of synthetic seawater (SSW)
Composition g/L
Cation At. Mass Tot. At. Mass Molar Mass Tot. At. Mass/Molar Mass
Dalton Dalton g/mol mol.Dalton/g
NaCl 23.97 22.98 550.93 58.44 9.43
KCl 0.80 39.00 31.24 74.55 0.42
CaCl2.2H2O 1.11 40.00 44.31 147.01 0.30
MgCl2.6H2O 11.04 24.00 264.99 203.30 1.30
SrCl2.6H2O 0.03 83.91 2.25 158.53 0.01
Na2SO4 3.93 45.96 180.77 142.04 1.27
NaHCO3 0.28 22.98 6.33 84.00 0.08
TDS 41.16 Dival. Cations 1.62
Total cations 12.74
R+1 (Dival. Cations/Total cations) 0.13
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3.1.2 Polymer Solutions
A synthetic viscoelastic polymer with high molecular weight (i.e., Flopaam 6035 S) was
used to prepare the diluted solutions for two-phase flooding experiments, as mentioned
in Table 3.3. Further, a Hengfloc 63026 polymer was used to prepare a diluted solu-
tion with a 3000-ppm concentration to investigate the polymer viscoelastic properties.
Diluted solutions were prepared using the approach adopted by Hincapie [5]. Polymer
had a viscosity ratio (oil to polymer) of one or two to investigate the flooding scenarios.
Moreover, different polymer concentrations were prepared in various brines with corre-
sponding polymer viscosity as presented in Table 3.3. Further, Table 3.3 provides the
temperatures at which viscosity was measured as well as a list of porous media used for
the flooding experiments. Diluted solutions were filtered using a 5.0-µm membrane filter
to avoid any undissolved fish eyes. Only high-concentration polymers were used for the
single-phase viscoelastic investigation because low polymer concentrations cannot pre-
dict the viscoelastic response of solutions using linear viscoelastic measurements (those
observed in small-amplitude oscillatory SAOS measurements).
30

















































































































































































































































































































































3. Materials, Methods, and Experimental Setup
3.1.3 Dead Oil
Centrifuged and degassed dead oil was used for all experiments. Oil was filtered through
a 5.0 µm millipore filter to avoid solid particles and thick residue. Table 3.4 presents the
main crude oil properties measured at 22°C.
Table 3.4: Oil properties at room temperature
Oil Properties at 22°C




Two types of porous media, core plugs and micromodels, were used for the flooding
experiments to investigate fluid-fluid and rock-fluid interactions.
3.2.1 Core Plugs
Bentheimer core plug samples were used in this study. Plugs were trimmed with an
average length and diameter of 60mm and 30mm, respectively, as shown in Figure 3.1,
and stored in the oven at 50°C for at least three days. Porosity was measured using a
Micromeritics1340 pycnometer and permeability was measured using a gas permeameter
(Syroperm). Brine was injected at five injection rates (0.5. 1.0, 2.0. 5.0, and 2.0 ml/min)
to measure the brine permeability. Table 3.5 shows the routine core analysis (RCA)
parameters. Three groups of core plugs were used in this study. The first group (CG1)
was selected to design low-salt sulfate-modified water (BG2 in Table 3.1) in combination
with polymer flooding. Similarly, the second group of cores (CG2) was selected to
investigate the impact of brine composition for slightly higher salinity, as with BG3
in Table 3.1, in combination with polymer flooding. On the other hand, the third
group (CG3) was used for single-phase polymer flooding experiments to investigate the
polymer viscoelastic properties (polymer solutions prepared in BG4). Moreover, Figure
3.2 presents the porosity-permeability plot of the Bentheimer core plugs mentioned in
Table 3.5. This plot describes the range of the high porosity-permeability values for the
used plugs.
The experimental set-up used for core flooding, including a detailed description of
the design and components, was explained in Foedisch et al. [127] and can be seen in
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Table 3.5: Bentheimer core plug characteristics with formation brines as initial water satura-
tion
Groups
Core L D φ k∗g k∗∗b Swc Soi






Bent 5.1 60.10 29.55 23.33 2510 1684 18.15 81.85
SSW
Bent 5.2 59.95 29.55 23.69 2714 1964 24.60 75.40
Bent 5.3 60.10 29.50 23.54 2835 1976 24.60 75.40
Bent 5.4 60.00 29.55 24.10 2848 1608 20.60 79.40






T1 59.99 29.52 27.18 3272 2148 20.61 79.39
SSWT2 60.11 29.36 26.53 3231 2067 15.66 84.34
T3 60.40 29.08 26.22 3775 2051 21.39 78.61
2*SSW
T4 60.08 29.34 26.20 3464 2113 20.52 79.48
T5 60.37 29.31 28.56 3434 1946 20.97 79.03
T6 60.22 29.30 26.41 3438 1944 17.80 82.20
T7 60.09 29.44 26.76 3244 1952 17.89 82.11
SSWT8 59.93 29.33 26.06 3112 1970 18.67 81.33






C3 60.47 29.51 24.6 2988 1292
Single-phase Polymer Flood
C5 59.89 29.29 24.68 3046 1541
C6 60.07 29.31 25.06 3226 986
C8 59.97 29.35 24.71 2980 1548
C11 59.84 29.56 23.83 2666 1052
k∗g= Permeability measured with gas
k∗∗b = Permeability measured with brine
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Figure 3.1: Bentheimer core plugs used for core flooding experiments
Figure 3.3. Oil saturation of core plug groups CG1 and CG2 was performed using a
porous plate with a maximum injection pressure of 8.0 bar. Core plugs of CG1 were
aged for three weeks, and core plugs of CG2 were aged for six weeks at 50°C before each
flooding experiment to alter their wettability (rock-fluid interaction), and core flooding
experiments were performed at 45°C. The wettability alteration of Berea and Bentheimer
sandstone core plugs through a two- or three-week aging process has established by many
researchers [101] [29] [1] [102].
Different scenarios were adopted for the core flooding evaluations, namely formation
brines, in the secondary and tertiary modes (see Table 3.6, and Table 3.7). The chosen
injection rate was also defined to mimic the injection velocity of 1-2 ft/day. Moreover,
bump rate injection was performed to eliminate capillary end effects before tertiary
mode injection. Chapters 4 and 5 present the results of core flooding experiments for oil
recovery.
Table 3.6: Adopted workflow for the low-salt/low-salt and sulfate-modified water core flooding
experiments
Chapter 4 & 7 Flooding Plan
Formation Brine Core Secondary Bump Rate Tertiary Post-Tertiary
SSW
Bent 5.1 Polymer-DSSW - DSSW
Bent 5.2 DSSW Bump Rate Polymer-DSSW
Bent 5.3 DSSW+2SO−24 Bump Rate Polymer-DSSW+2SO−24
Bent 5.4 SSW Bump Rate DSSW Polymer-DSSW
Bent 5.5 SSW Bump Rate DSSW+2SO−24 Polymer-DSSW+2SO−24
Q( ml/min) 0.1 0.33 0.15 0.15
The methodology for the single-phase core flood experiments consisted of polymer
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Figure 3.2: Porosity-permeability plot of analogue core plugs
flooding through the core plugs at relevant temperatures (22°C and 55°C) with a wide
range of injection rates (37 µL/min to 29mL/min). Chapter 8 presents the results of
single-phase polymer flooding through core plugs.
Contact Angle Measurements
Measurements were performed at room temperature (i.e., 22°C ) using the SSW brine.
The core plug face was polished to achieve maximum smoothness and hence saturation
with SSW. The core plug was placed with the smooth surface inside brine, and an oil
drop was introduced from the bottom with a syringe system developed in house. The
oil drop came in contact with the plug surface, and contact angle measurements were
performed over time. Furthermore, the core plug was saturated with dead oil to achieve
connate water saturation, and plug aging was performed at 50°C in an oven for six weeks.
The aged core plug was immersed in SSW using the same procedure described earlier,
to measure the contact angle between the oil-drop and rock-surface, as shown in Figure
3.4. The core plugs were initially assumed as water-wet, and the aged plug was expected
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Figure 3.3: Sketch of core flood experimental setup
Table 3.7: Adopted workflow for the seawater-based modified water core flooding experiments
Chapter 5 & 7 Flooding Plan
Formation Brine Core Secondary Bump Rate Tertiary
2*SSW
T6 SSW Bump Rate Polymer prepared in SSW
T4 SSW+2SO−24 Bump Rate Polymer prepared in SSW +2SO−24
T5 SSW+4SO−24 Bump Rate Polymer prepared in SSW +4SO−24
T3 SSW-NaCl Bump Rate Polymer prepared in SSW +2SO4-2
SSW
T2 SSW Bump Rate Polymer prepared in SSW
T7 SSW+2SO−24 Bump Rate Polymer prepared in SSW+2SO−24
T8 SSW+4SO−24 Bump Rate Polymer prepared in SSW+4SO−24
T1 SSW-NaCl Bump Rate Polymer prepared in SSW+2SO−24
SSW T10 SSW Bump Rate SSW +2SO−24 Polymer prepared in SSW
Q( ml/min) 0.15 0.33 0.15 0.15
to become oil-wet due to the aging process, or mix-wet in the other case. Note that
some additional measurements were performed using the pendant drop method (OCA
15 from Data Physics OCA-Serie with some modifications) for cross-validation purposes,
as shown in Figure 3.5. Modification of the pendant drop method included the oil-
drop production procedure using the technique described earlier in this section. Image
processing for contact angle measurements was performed using the OCA 15 device from
DataPhysics. Contact angle measurements were performed for the core plugs aged for
six weeks. Chapter 5 presents the results.
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Figure 3.4: Contact angle measurement between aged core plug and oil-drop in-house device
Figure 3.5: Contact angle measurement by the pendant drop method [OCA 15 from Data-
Physics OCA-Serie [8]]
3.2.2 Microfluidics
Two glass-silicon-glass (GSG) micromodels based on pore structures were used for this
study as porous media for the flooding experiments shown in Figure 3.6. The first
micromodel is an artificial structure micromodel or homogeneous micromodel, due to its
random distribution of circular grains. Such micromodels have been previously used for
several EOR investigations [9] [128] [10]. The second micromodel is also known as a real
structure micromodel or heterogeneous micromodel. Its structure is based on a µ CT
image of a Bentheimer core plug. The real structure model has three permeability zones,
two lower permeability zones on the sides and a high permeability zone in the middle.
Both micromodel types have been previously used for microbial flooding experiments by
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Gaol et al. [9]. Figure 3.6 shows pore structure images and dimensional measurements
of both models, and Table 3.8 provides porosity and permeability values.
Figure 3.6: Micromodels used in this study. A) artificial-structure micromodel and B) real-
structure micromodel [9]









Porosity (%) 27.6 19.2
Brine Permeability (mD) 13000 1237
Min. Pore diameter (µm) 8 12.21
Max. Pore diameter (µm) 2610 112.52
Avg. Pore diameter (µm) 178.2 31.5
Wettability Evaluation of the Micromodels
The micromodels were chemically modified to generate three types of wettability based
on the presented structures, namely water-wet, oil-wet, and complex-wet/mixed-wet, as
shown in Table 3.9. The complex/mixed wettability type addresses the local variation of
wettability areas, which occurs when some parts/zones are oil-wet while others are water-
wet. The wettability alteration was achieved by chemisorption of fluorinated silane that
was applied on the micromodels’ inner glass and silicon surfaces. Silicon and glass were
initially water-wet with a contact angle (water) below 20°. After treatment, this angle
was increased to 112°. The oil contact angle of the modified surface was significantly
lower at 77°. The mixed-wet micromodel was obtained by fragmentary acid-induced
abrasion of the coating. The wettability alteration process was confirmed through a
visual inspection of the concave/convex interface of the fluids and is shown in Figure
7.5.
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Injection Rate (µl/min) 0.3 0.1
Bump rate (µl/min) 1.5 0.5
Microfluidics Setup and Flooding Sequence
For flooding experiments, the InspIOR microfluidics-flooding rig from HOT Microflu-
idics was used. This is a compact experimental set-up that includes injection pumps, a
micromodel holder, a DSLR camera for imaging, pressure sensors (connected to the inlet
and outlet of the micromodel holder), and fluid and waste reservoirs. An upgraded ver-
sion of the experimental set-up and components, as described by Schumi et al. [10] and
shown in Figure 3.7, was used for the flooding experiments. The flooding process was
performed at an injection flux of 1.0 ft/day, with corresponding injection rates included
in Table 3.9. Bump rate injection was performed at a higher flux rate of 5.0 ft/day.
Flooding experiments were performed at room temperature (i.e., 22°C) and a system
pressure of 1.0 bar (gas) with the following steps:
• Micromodel is installed into the holder and water injection is performed to remove
air bubbles and pursued until the differential pressure stabilizes.
• Brine flooding is performed to measure the permeability of the model.
• Oil saturation is established through continuous and increasing oil injection rates
until no further water can be produced.
• Two hours stabilization interval is provided to establish a possible ionic reaction
in the model.
• Brine flooding is performed to observe the oil recovery and the pressure data.
• During the flooding process, images are gathered/captured at different time inter-
vals and recovery analysis is performed through an imaging processing tool devel-
oped in MATLAB.
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Figure 3.7: Sketch of microfluidics experimental setup [10]. Order License ID:1017373
3.3 Fluids Investigation
3.3.1 IFT Measurements (Fluid-fluid Interaction)
Oil-brine IFT measurements are performed to investigate the impact of brine chemistry
(monovalent and divalent ions) at the oil-brine interface. The measurements are per-
formed using the Du Nou¨y ring method (Prozessor- Tensiometer KRUESS GmbH K12),
as shown in Figure 3.8, at room temperature of 22°C. The input parameters of the device
are oil and brine densities and the steps for the evaluation can be described as:
• A metallic ring is placed on a fire for a few seconds to burn any organic compound
if present.
• The sample holder is filled with the brine sample, and a measurement ring is
inserted in the brine.
• Device calibration is performed.
• The oil phase is filled at the top of the brine phase to the marked level.
• Measurement is performed by selecting the ring movement from bottom to top
(brine to oil phase).
• Towards the end of the measurement, IFT at the oil-brine interface is measured
through the force experienced by a sensor attached to the metallic ring.
• IFT measurements are performed between the dead oil and the five brines (BG2
and BG3) presented in Table 3.1.
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Chapter 5 and Chapter 7 briefly discuss the results obtained.
Figure 3.8: IFT measurement device: Prozessor- Tensiometer KRUESS GmbH K12
3.3.2 Oil Drop Snap-off Volume Measurements (Fluid-fluid In-
teraction)
Oil-brine interfacial interactions were investigated through the analysis of oil-drop vol-
ume at the snap-off point. This approach does not provide direct measurements of
interfacial viscoelasticity (G’ and G”). Rather, indirect measurement of oil-drop size
at the snap-off point correlates with the interfacial interactions. An oil drop of 2.5 µL
volume was produced through a syringe in the specific brine phase. A settlement time
of 10 minutes was established for ionic equilibrium between both fluids. During this
time, ionic interaction between oil polar compounds and brine divalent/monovalent ions
was expected to happen at the interface. After 10 minutes, 2.5 µL of oil was further
injected to increase the oil drop size. After a further 10 minutes of ionic interaction,
the time between both phases was established. Subsequently, 2.5 µL of oil was injected
to increase the oil-drop volume further. This process continued until oil-drop snap-off
happened from the needle. Figure Figure 3.9 summarizes the measurement process.
Oil drop experiences two opposite forces before snap-off happens. One force is buoy-
ancy, which is an upward force due to oil density. The second force is interfacial interac-
tion, which is a downwards force that establishes the oil-drop attachment to the needle
and controls the oil-drop snap-off. Oil-drop size continues to increase in the case that the
downward force at the interface is higher than the upward force. After a specific increase
in drop size, buoyancy dominates the interfacial elastic force and oil-drop detachment
from the needle happens.
This investigation helped to study the formation of the interfacial elastic layer at the
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fluid interface due to ionic reactions. The strong interfacial elastic layer is expected to
produce a more significant oil-drop volume before the snap-off point. Morin et al. [35],
and Mohamed and Alvarado [1] demonstrated that elastic interfacial film is found to
be more stable and resistant to snap-off. This will assist with stable and continuous oil
flow during flooding while limiting oil trapping in porous media and is hence correlated
with the higher oil recovery during core flooding experiments. Chapter 5 and Chapter 7
present these measurements.
Figure 3.9: Indirect measurement of ionic oil-brine interfacial interaction through the oil-drop
snap-off point
3.3.3 e-VROC Extensional Viscometer
The e-VROC (extensional viscometer-rheometer on a chip) is a device capable of mea-
suring elongational viscosity. It measures extensional viscosity by monitoring the fluid
flow through a microfluidic hyperbolic shape of converging-diverging geometry within
a cell. The pressure response before and after the converging-diverging geometry is
measured via micro-electrical-mechanical systems (MEMS) pressure sensors, which help
interpret viscosity changes across the geometry. Figure 3.10 provides a schematic of
this converging-diverging geometry. This device is used to investigate the elongational
response of diluted polymer solutions. Further detail on the working principle and asso-
ciated physics can be found in Hincapie [5].
This device is used to investigate the non-Newtonian behaviour of fluids. A small
amount of polymer diluted solutions is injected through a converging-diverging geometry,
as shown in Figure 3.10. The converging point at the contraction zone resembles the pore
throat and the diverging point resembles the pore space. Polymer molecules’ structure
is elongated while flowing through the contraction zone and hence they are expected to
demonstrate viscoelastic response. The viscoelastic response of solutions is expressed in
terms of extensional/elongational viscosity. Chapter 4 and Chapter 8 present the results
obtained from this device.
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Figure 3.10: Hyperbolic converging-diverging geometry used to measure elongational viscosity
[11]
3.3.4 Polymer Degradation Analysis
This study investigates polymer viscosity reduction due to mechanical degradation that
occurs during the pipe flow, based on the principles explained by Severs [129]. Degra-
dation is studied by measuring polymer viscosity (rheology) before and after injection
into the pipeline (collected fluids). As reported, the polymer solution experiences the
shear rate exerted by the pipeline and while flowing through valves and connections. The
degradation rate (DR) of solutions is defined using Equation 3.2. The degradation rate
is defined as the viscosity loss in the designed polymer solution, focusing on a viscosity
ratio of two or one between the oil and polymer solutions. Chapter 4 and Chapter 5
present the results of polymer degradation.
DegradationRate(DR) = (ηo − ηe)
ηo
∗ 100 (3.2)






Combined with Polymer Flooding
Oil recovery using modified/smart water technology can be maximized by optimizing
the composition of the injected water. Brine optimization is also believed to improve
polymer flooding performance. This chapter assesses and defines the potential impact
of combining low-salt modified water with polymer flooding, based on the presence of
sulfate in the injection water. The impact of sulfates (sodium sulfates) on polymer vis-
coelasticity and its performance in porous media are studied based on oil recovery and
pressure response. Brine composition is optimized using SSW as the base brine. As the
chapter title indicates, the objective is to design low-salinity sulfate-modified water with
TDS of around 5g/L (BG2 from Table 3.1). Diluted polymer solutions are prepared in
Brine 2 and Brine 3 from BG2, as indicated in Table 3.1. Further, this study investigates
the role of the spiked amount of sulfates in low-salt injection brine. The focus is on per-
forming fluid optimization following core flooding experiments. Secondary, tertiary, and
post-tertiary (quaternary) mode experiments are performed to evaluate the feasibility of
applying both processes (modified water and polymer flooding). Further, low-salt brine
flooding and low-salt sulfate-modified water injection are compared based on recovery
performance. The workflow is summarised in the flow chart presented in Figure 4.1.
This work was published under the title “Influence of Sulfate Ions on the Combined
Application of Modified Water and Polymer Flooding—Rheology and Oil Recovery” in
Energies 2020 (ISSN 1996-1073), 13(9), 2356; https://doi.org/10.3390/en13092356
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Figure 4.1: Adopted work flow for combined low-salinity injection and polymer flooding
4.1 Overall Methodology and Approach
To evaluate the influence of sodium sulfate on 1) polymer viscoelasticity, under the
assumption that the phenomenon exists, and 2) oil recovery and pressure response due
to the injection of optimized brine in porous media, the following steps or methodology
were adopted to gather the data and draw conclusions:
• Brine preparation and optimization: Three brines were prepared, including
sulfate concentration changes and varying TDS and hardness, presented as BG2 in
Table 3.1.
• Polymer preparation and comprehensive rheological characterisation:
Polymer solutions were prepared, mainly with a viscosity ratio of 2 between oil
and polymer, shown as Nr. 1 in Table 3.3. Subsequently, solutions were char-
acterised in a detailed manner using steady shear viscosity, elongational viscosity
measurements, first normal stress differences (N1) and oscillatory shear (the latter
two were attempted).
• Mechanical degradation of polymer solutions: This step defines any possible
degradation prior to the core face and enables better conclusions to be drawn
regarding polymer performance using Equation 3.2.
• Two-phase core flooding experiments: Core plugs were saturated to initial
water saturation using the porous plate method, presented as CG1 in Table 3.5,
before each experiment took place. Subsequently, different chemical slugs were
injected following the flooding sequence mentioned in Table 3.6 to observe pressure
response and determine oil recovery.
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4.2 Fluids Optimization
4.2.1 Steady Shear Rheology (Shear Viscosity)
Figure 4.2 shows the measured viscosity for the utilized oil sample (mentioned in Chapter
3 and Table 3.4) at a temperature range of 22°C to 55°C. As expected, oil shear viscosity
decreased proportionally with temperature increase, which is indicative of Newtonian
behaviour. Note that this evaluation helps to define polymer concentrations with respect
to oil viscosity. Core flooding experiments were performed at 45°C with an oil viscosity
of 8.0 mPa.s at a 10s−1 shear rate.
Figure 4.2: Steady shear viscosity of the dead oil sample at a temperature range of 22°C to
55°C. Error was observed in the range of 3%
Figure 4.3 shows the shear viscosity of the polymer solutions. The objective is to
select the polymer concentration exhibiting half of the oil viscosity; thus, the results of
Figure 4.3 indicate a concentration of 300 ppm (≈3.7 mPas). Moreover, for the polymer
concentration of 300 ppm, there is a slightly higher viscosity for the diluted solutions con-
taining a doubled amount of sulfates (DSSW+2SO−24 ) compared to the typically diluted
brine (3.67cp and 3.45 cp). In other words, the increase in polymer solution viscosity was
due to experimentation involving the increase of sulfates. The main factor is a decrease
in brine hardness with an increase in sodium sulfates (per Equation (3.1)). Therefore,
the hardness of the brine has a stronger impact compares to salinity (TDS). It can also be
observed that solutions with 200-ppm polymer concentration have higher measurement
errors. This error is assumed to be due to the low polymer concentration, which leads
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to less stable solutions. Thus, stability in viscosity measurements is established with an
increase in concentration, as can be seen in Figure 4.3, resulting in reduced measurement
error. The time to measure steady shear viscosity measurement time for 200 ppm was
longer compared to higher polymer concentrations due to stability issues.
Figure 4.3: Steady shear viscosity of polymer solutions at 45°C. Polymer solutions are prepared
in Brine 2 and Brine 3 of the BG2 group in Table 3.1 (concentrations of 200 ppm, 300 ppm,
and 500 ppm)
4.2.2 Oscillatory Measurement and First Normal Stress Differ-
ences
Polymer viscoelastic behaviour is evaluated using SAOS response and first normal stress
differences measurements. Oscillatory measurements are performed to define the viscous
and elastic properties of the polymer solutions. The characterisation focuses on the
elastic modulus (G’) and viscous modulus (G”), measured against the angular frequency.
A viscoelastic material has both liquid-like (viscous) and solid-like (elastic) properties
depending upon the deformational stress and relaxation time (time required for the
material to relax). If the stress is applied for a shorter time than the relaxation time of a
material, then it regains its original molecular structure and exhibits solid-like behaviour.
However, if the applied stress interval exceeds the relaxation time of a specific material,
permanent deformation is caused in the molecular structure and the material liquid-like
behaviour. Relaxation time is measured as the inverse of angular frequency (rad/sec) at
the crossover point of both moduli (viscous and elastic G’=G”). Materials with a higher
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relaxation time have strong viscoelastic properties. However, with no or less relaxation
time, they have mainly viscous properties.
Similarly, normal stress differences (N1) caused by force normal to shear flow also
represent the elastic behaviour of the polymer solutions. N1 effects are measured due
to tension in the flow streamlines. N1 is a quantitative measurement to evaluate non-
linear viscoelastic response by monitoring the normal forces on a rotational rheometer.
Mathematically, N1 is defined as N1 = σxx - σyy where σxx is the stress induced in the
direction of applied stresses, and σyy is the normal stress in the force direction.
Based on observations in the literature [116] [106] [107], it can be concluded that
high-molecular-weight hydrolysed polyacrylamides have good viscoelastic properties and
can contribute to additional oil recovery. Therefore, it is essential to characterise poly-
mer viscoelastic properties before performing polymer flooding to understand the flow
dynamics in porous media.
Repeated measurements were performed to gather information on viscosity response,
with little success. In the first step, angular frequency measurements of G’, G” for both
polymer solutions (300 ppm) were performed at 45°C, but no crossover point was ob-
served. Subsequently, the same measurements were performed at room temperature (i.e.,
22°C), as presented in Figure 4.4. Once again, no crossover angular frequency (relax-
ation time) was observed for solutions diluted in synthetic seawater (DSSW). However,
DSSW+2SO−24 solution with a doubled amount of sulfates had a crossover point and
very low relaxation time ≈ 0.1s. It can be argued that this crossover point is in the
margin of error of the device or the torque limit, but it can be seen in Figure 4.4 that
both solutions have almost the same values for G” while DSSW+2SO−24 had slightly
higher values for G’ compare to the DSSW solution, as shown in Figure 4.4. Further-
more, the first normal stress differences measurement was performed to confirm the linear
viscoelastic response of the solutions. However, no N1 response could be measured for
either solution (DSSW and DSSW+2SO−24 ) at room temperature of 22°C and at 45°C.
This investigation led to a further investigation of the polymer solution’s elongational
measurements. Viscoelastic response of solutions is prominent while flowing through
pores and pore throats. Oscillatory measurements provide linear viscoelastic response
but fail to predict the behaviour of solutions through converging-diverging geometry.
4.2.3 Elongational Measurements
Figure 4.5 shows the apparent elongational measurements at 45°C for polymer solutions
prepared in DSSW and DSSW+2SO−24 . The objective is to analyse the impact of sulfates
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Figure 4.4: Oscillatory measurements of G’, G” as a function of angular frequency for Flopaam
6035 S at 22°C
on polymer elongational properties. From Figure 4.5, two important features can be seen
between low and high apparent extensional rates:
• The measurement errors, as described with error bars: At lower apparent exten-
sional rates, both solutions exhibited a wider range of measurement errors com-
pared to higher apparent extensional rates. One reason for the errors could be
that the elongational measurement is not unique, and there is no device that can
reproduce the same behaviour of fluids. Moreover, at lower extensional rates, the
sensitivity of measurement is higher compared to higher rates. The error bar in-
dicates that the polymer prepared in DSSW+2SO−24 is more sensitive than the
polymer solution in DSSW (wider range of error bar).
• The measurement response: Nearly the same elongational viscosity was observed
for both solutions, considering the range of error bars between apparent exten-
sional rates of 10-100s−1. At high extensional rates, the DSSW solution (without
sulfates) had slightly higher elasticity compared to DSSW+2SO−24 , but both exhib-
ited a decline in elastic response between apparent extensional rates of 100-1000s−1.
For flow through porous media, the extensional rate for the low to medium range
is more important compared to the high rates in Figure 4.5. Furthermore, the
elongational response of a fluid can be different while flowing through porous me-
dia (core plug). Whereas flow through porous media fluid experiences series of
converging-diverging geometries, for this measurement, only one hyperbolic shape
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Figure 4.5: Apparent extensional viscosity as a function of apparent extensional rate for poly-
mer solutions of Flopaam 6035 S at 45°C
converging-diverging geometry was used. Elongational response of fluid became
stronger with multiple contraction and elongation of polymer molecules.
Summarising the results of oscillatory and elongation measurements, it can be con-
cluded that both polymer solutions depicted almost the same viscoelastic response at
field-scale low extensional rates and angular frequencies. The main factor is the low
polymer concentration for these solutions. A clear difference can be justified by increas-
ing the polymer concentration/viscosity. Viscoelastic response of both solutions can be
further compared based on the pressure response during polymer flood in core plugs.
Polymer solution with higher viscoelasticity exhibited higher pressure drop in the core
plug at the same injection rate.
4.3 Core Flood Experiments
4.3.1 Core Flooding Sequence
Core plugs of group CG1 from Table 3.5 were used for the flooding experiments. Core
flooding sequences with different scenarios and injection rates are summarised in Table
3.6. Core flooding started with secondary-mode flooding to mimic the primary mode of
oil production through the natural energy of the reservoir. After the secondary mode,
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the second phase of fluid flooding was performed as the tertiary mode. The post-tertiary
stage represents the third phase of fluid injection after the tertiary mode.
Fluid viscosities (oil and polymer solutions) for core flooding experiments at 45°C
are shown as Nr. 1 in Table 3.3 and are briefly explained in Section 4.2.1 on steady
shear rheology. Oil viscosity was 8 mPa.s and the viscosity of polymer solutions was
half that of the oil (viscosity 4 mPa.s). Lower-viscosity polymer solutions were selected
to represent the low polymer concentration required and hence the cheaper EOR hybrid
technique.
4.3.2 Oil Recovery and Pressure Observations
Table 4.1 summarises the recovered oil based on the core flood sequences adopted for this
study. Secondary-mode and tertiary-mode flooding were performed for all core flooding,
adopting the flood sequence in Table 3.6. Post-tertiary-mode flooding was performed
in only two core plugs (Bent 5.4 and Bent 5.5). Polymer flooding was used for the
post-tertiary-mode for mobility control after brine flooding in both experiments. The
objective was to observe any extra oil recovery due to the viscosity difference between
tertiary-mode and post-tertiary (quaternary) mode flooding. For the first core flood
experiment, Bent5.1, Figure 4.6 describes the recovery profile and pressure differential
across the core as the function of injected pore volumes. The oil recovery factor at
the end of the secondary-mode polymer flooding was 41.85%. An increase in pressure
response for polymer flooding can be seen in Figure 4.6. However, diluted SSW in tertiary
mode injection did not change the recovery factor although 58.15% of oil (remaining oil
saturation) was present in the core. This shows that the diluted SSW flood followed
the same flow path, which was already adopted by polymer because of the viscosity
difference. As polymer viscosity is half of the oil viscosity, diluted SSW could displace
only pre-flushed polymer because of its lower viscosity compared to oil. Diluted SSW
flood had no interaction with oil in the core to contribute to extra oil recovery and did
not mobilize trapped and unflushed oil droplets. Nevertheless, the pressure profile in
Figure 4.6 indicates slightly higher pressure for diluted SSW compared to the pressure
profile of SSW before polymer flooding (Figure 4.7). The reason for this is the presence
of a polymer solution in porous media for Bent 5.1.
In experiment-2 using the core plug Bent 5.2, the same fluids of experiment-1 were
injected but in reverse order. As discussed in Chapter 3, bump rate injection for subse-
quent experiments was performed after secondary-mode brine flooding to eliminate the
capillary end effects, if present. Oil recovery from bump rates is not reflected in the
results. Figure 4.7 shows the results of the recovery profile and pressure response for this
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Table 4.1: Summary and comparison of core flood recoveries and flooding processes. Polymer
concentration and fluid viscosities from Nr. 1 in Table 3.3




Bent 5.1 23.33 9.61 1684 2510 81.85 18.15 - 40.85
2 DSSWF Bent 5.2 23.69 9.74 1964 2714 75.4 24.6 - 36.9
3 SWF Bent 5.3 23.54 9.67 1976 2835 75.4 24.6 - 37.87
4 SSW Bent 5.4 24.1 9.91 1608 2848 79.4 20.6 - 32.22
5 SSW Bent 5.5 24.1 9.92 2114 3029 79.3 20.7 - 35.27
Tertiary Mode 45°C
1 DSSWF Bent 5.1 23.33 9.61 1684 2510 81.85 18.15 0 40.85
2 Polymer-
DSSW
Bent 5.2 23.69 9.74 1964 2714 75.4 24.6 6.9 43.8
3 Polymer-SW Bent 5.3 23.54 9.67 1976 2835 75.4 24.6 9.6 47.47
4 DSSWF Bent 5.4 24.1 9.91 1608 2848 79.4 20.6 2.5 34.72
5 SWF Bent 5.5 24.1 9.92 2114 3029 79.3 20.7 5 40.27
Post-tertiary (Quaternary) Mode 45°C
4 Polymer-
DSSW
Bent 5.4 24.1 9.91 1608 2848 79.4 20.6 6.3 41.02
5 Polymer-SW Bent 5.5 24.1 9.92 2114 3029 79.3 20.7 6.4 46.67
core (Bent 5.2). The recovery factor from diluted SSW as the secondary mode reaches
to around 36.9% OOIP. A significant amount of oil (6.9% OOIP) was produced from the
tertiary-mode 300-ppm polymer-DSSW flood. Pressure build-up for polymer flooding
can be clearly seen in Figure 4.7. Comparing the pressure profiles of Bent 5.1 and Bent
5.2 core plugs, 0.05-bar higher pressure for polymer flooding was observed for the Bent
5.2 plug. Additional oil recovery from polymer-DSSW could be due to this higher pres-
sure response. This pressure response also indicates that prior low-salt flooding helps
alter the wettability of the rock and causes the release of oil compounds.
Follow-up tertiary-mode polymer flood experienced resistance in the flow because
of the detached and trapped oil in this phase. Moreover, the polymer had slightly
higher pressure compare to the polymer flood in Bent 5.1. Hence, polymer flood pro-
duces detached and trapped oil droplets because of improved sweep efficiency (addi-
tional recovery of 6.9% OOIP). For further comparison, Experiment 3 in Bent 5.3 was
performed using modified water with doubled sulfates. The injection scheme is similar
to that outlined in the previous section (Bent 5.2), but modified water with doubled
sulfates is injected instead of the diluted SSW. The results show 1% higher oil recovery
of about 37.87% OOIP in secondary-mode sulfate-modified water flooding compared to
secondary-mode DSSW flooding in Bent 5.2. The incremental oil recovery from 300-ppm
polymer-DSSW+2SO−24 flooding in the tertiary mode was 9.6% OOIP. The final oil re-
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Figure 4.6: Oil recovery and pressure drop versus pore volume (PV) injected for Bent5.1 core
plug. Red represents the experimental data for secondary-mode injection of polymer-DSSW,
and green represents the tertiary injection mode of DSSW
covery reached 47.47% OOIP (Figure 4.8), leaving remaining oil saturation of 52.53%
OOIP compared to the remaining oil saturation in the Bent 5.2 core, which was 56.20%
OOIP. One reason for this high recovery is the pressure response, shown in 4.7 and Figure
4.8. The pressure drop along the Bent 5.3 core was double for Polymer-DSSW+2SO−24
compared to polymer-DSSWF (at PV=2.5). Therefore, the increased oil recovery can
mainly be attributed to improved viscoelastic properties of polymer-DSSW+2SO−24 in
porous media owing to sulfates. Fluid optimization in the previous section was not
significantly different for the viscoelastic properties of both polymers. This behaviour
further clarifies that linear viscoelastic (oscillatory and e-VROC) measurements cannot
wholly predict the fluid response in porous media. As previously discussed, viscoelastic
properties are controlled through the converging-diverging geometry of the flow path in
porous media. Single-phase core flooding/sand packs/micromodel flooding can predict
the viscoelastic response in porous media. The second reason for higher recovery could
be the multi-EOR process in the secondary and tertiary modes, as explained by prior
research [60] [59] [60]. The sulfate-modified low-salt water flood may have disturbed the
ionic equilibrium in the oil-rock-brine system in the reservoir, which resulted in detaching
the long-chain carboxylic acids (oil) adsorbed during the aging process (wettability al-
teration). Follow-up polymer-DSSW+2SO−24 produced this oil due to improved mobility
and viscoelastic forces. Polymer-DSSW+2SO−24 produced 2.7% extra oil compared to
the polymer-DSSW due to stronger viscoelastic response in porous media, which resulted
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Figure 4.7: Oil recovery and pressure drop versus PV injected for the Bent 5.2 core plug. Red
represents the experimental data for secondary-mode injection of DSSW while green represents
the tertiary-mode injection of polymer-DSSW
in higher injection pressure at the same injection rate.
For further investigation, core flooding was performed using SSW as the secondary
mode in the Bent 5.4 and Bent 5.5 core plugs, as shown in Figure 4.9 and Figure 4.10.
Both core plugs produced lower recovery (29.68% and 33.50% OOIP) compared to DSSW
flooding, DSSW+2SO−24 water flooding, and polymer flooding in the secondary mode,
mentioned in previous sections. Although SSW has slightly higher viscosity than DSSW
and DSSW+2SO−24 water as a result of higher TDS, extra recovery in Bent 5.2 and Bent
5.3 was due to the low-salt effect and modified water (proposed wettability alteration
process). Both brines (DSSW, DSSW+2SO−24 ) alter the wettability to be more water-wet
compared to SSW and contribute to higher recovery. Furthermore, DSSW as the tertiary
mode results in only 2.5% extra oil recovery, as described in Figure 4.9. Nevertheless,
DSSW+2SO−24 tertiary-mode flooding in Bent 5.5 produced 5.0% extra oil recovery,
which is double that compared to DSSW flooding in Bent 5.4. This 2.5% recovery
difference further proves that wettability alteration through DSSW+2SO−24 is stronger
than DSSW. We can also see from the secondary recovery of both brines in Bent 5.2
and Bent 5.3 plugs, DSSW+2SO−24 produced 1% higher recovery than DSSW. The last
four core flooding experiments indicate that sulfate-modified low salinity water worked
better than DSSW in altering the wettability. Interestingly, polymer flooding in the
post-tertiary mode produced almost the same oil recovery in both core plugs (6.30% of
OOIP). However, overall, the difference in recovery for both plugs increased to 3% OOIP
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Figure 4.8: Oil recovery and pressure drop versus PV injected for the Bent 5.3 core plug. Red
represents the experimental data for secondary-mode injection of sulfate-modified low-salt water
flooding while green represents the tertiary injection mode of polymer-DSSW+2SO−24
after polymer flooding due to multi-EOR processes. Lastly, comparing the recovery from
five core floods in Table 4.1, it can be concluded that the multi-EOR application of
DSSW+2SO−24 flooding in secondary and polymer-DSSW+2SO−24 in the tertiary mode
performed efficiently, resulting in the highest recovery versus the lowest pore volume
injected.
4.4 Polymer Stability Analysis
Figure 4.11 shows the DR of polymer solutions while flowing through flow lines before
entering the core plugs. The DR was calculated using Equation 3.2. 300- ppm polymer-
DSSW+2SO−24 was found to have a higher DR compared to 300-ppm polymer-DSSW
at low to intermediate shear rates (same as an e-VROC response). The higher DR
of 300-ppm Polymer-DSSW+2SO−24 was due to the increased amount of monovalent
sodium cations present in the brine. Pipe flow supports the ionic interaction of sodium
cations with anionic ions of polymer, which resulted in the increased DR. However,
polymer-DSSW+2SO−24 has shown higher viscosity for fresh solutions but a significant
decrease in polymer-DSSW+2SO−24 viscosity owing to mechanical degradation. This
behaviour can be clearly seen in Figure 4.11. An increase in sulfates can enhance the
polymer viscoelastic properties in porous media, but it can significantly develop polymer
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Figure 4.9: Oil recovery and pressure drop versus PV injected for the Bent 5.4 core plug.
Red represents the experimental data for secondary-mode injection of SSW, green represents
the tertiary injection mode of DSSW, and blue represents the post-tertiary injection mode of
polymer-DSSW
sensitivity to mechanical degradation.
4.5 Results and Remarks
Based on the obtained data and observations of the experimental conditions presented
here, the proposed sulfate-modified water process produced important results that indi-
cate its potential influence on wettability alteration. Moreover, the work presented here
provides a detailed workflow to evaluate the combined application of modified water and
polymer flooding. Researchers assessing similar processes can implement this workflow.
The evaluation of polymer performance provides important findings; in particular,
polymer solutions prepared in the presence of sulfate in the brine had higher viscos-
ity compared to other brines with the same TDS (g/L). According to the rheological
evaluation, linear viscoelastic measurements cannot clearly differentiate the viscoelastic
response between the polymer solutions due to the lower concentrations implemented in
this work. Nevertheless, the increase in sulfate led to an enhancement of the polymer vis-
coelastic properties determined through the increase in injection pressure observed from
the core flooding experiments. The evaluation also shows that increasing the amount of
sulfate made the solution more sensitive to mechanical degradation when flowing through
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Figure 4.10: Oil recovery and pressure drop versus PV injected for the Bent 5.5 core plug.
Red represents the experimental data for secondary-mode injection of SSW, green represents
the tertiary-mode injection of DSSW+2SO−24 , and blue represents the post-tertiary injection
mode of polymer-DSSW+2SO−24
pipes and valves. Current industry applications seek to use low shear valves to minimize
this impact.
For the two-phase flooding, core floods showed that low-salt or sulfate-modified water
flooding should be performed before polymer flooding to achieve higher oil recovery. Oth-
erwise, brine flooding after polymer flooding will follow the same path of pre-injected
polymer without having contact with oil. Furthermore, DSSW+2SO−24 water flood-
ing and DSSW injection produced almost the same recovery in the secondary mode.
However, in the tertiary mode, polymer injection after DSSW+2SO−24 water flood-
ing produced 4% more oil compared to polymer flooding after DSSW. It is assumed
that this additional oil is due to the higher pressure/viscoelastic response for polymer-
DSSW+2SO−24 . Finally, recovery experiments showed DSSW+2SO−24 and DSSW con-
tributed to extra recovery compared to SSW in the secondary mode due to wettability
alteration; however, the overall combination of DSSW+2SO−24 and polymer resulted
in the higher recovery. The findings obtained by the two-phase flooding experiments
support that both brines (DSSW+2SO−24 and DSSW) induce wettability alteration of
the rock, pointing out that the wettability change for the case of sulfate-modified water
strongly follows the presence of 2SO−24 as a catalyst for the alteration to take place.
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Figure 4.11: Viscosity loss and mechanical degradation of polymer solutions through stainless
steel pipe before entering the core plug. B represents the fresh solution while A represents the




Modified Sea Water Combined with
Polymer Flooding
This chapter assesses the design of sulfate-modified water to analyse its impact on the
reduction of remaining oil saturation and hence improved oil recovery. Moreover, it eval-
uates and defines the synergies/benefits between high-salt modified water and polymer
flooding. SSW is used as the base brine, and optimization is performed by adding/re-
moving specific chemical components of the SSW. Secondary- and tertiary-mode exper-
iments were performed to evaluate the feasibility of applying modified water injection
and its synergies with polymer flooding. Modified water with spiked sulfate changed the
interfacial tension and developed interfacial interactions, compared with SSW. Hence,
modified water injection contributed to extra oil recovery, resulting in the reduction
of the remaining oil saturation. Furthermore, the higher concentration of the divalent
cations in formation brine and complete removal of Na+1 in the injected brine, as well
as the combination of modified water and polymer flooding, resulted in a significant de-
crease in the remaining oil saturation. The adopted workflow for this hybrid EOR study
is summarised in Figure 5.1. The findings of this chapter were organized for journal
publication with title of ”Unlocking the Effects of Fluid Optimization on Remaining Oil
Saturation for the Combined Sulfate-Modified Water and Polymer Flooding” in Energies
2020 (ISSN 1996-1073), 13(12), 3049; https://doi.org/10.3390/en13123049.
5.1 General Methodology and Approach
The chapter investigates the ability of combined EOR techniques (modified brine in-
jection and polymer flooding), known as the hybrid method, to enhance the capability
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Figure 5.1: Adopted workflow for SSW-based hybrid EOR process combined with polymer flood-
ing
of the flooding process. The objectives of this chapter are achieved using the following
methodology to gather data and evaluate the results:
• Optimization of Formation and Injection Brines: Two types of formation
brine (BG1 in Table 3.1) and four types of injection brine (SSW as the base case
and BG3 in Table 3.1) were generated. The primary approach was to prepare
brines, focusing on the role of increasing the sulfate and varying the TDS of the
SSW to correlate with the impact of salinity on oil recovery.
• Polymer Diluted Solutions at Target Concentration: Low-concentration
(750 ppm) polymer solutions were prepared to achieve a viscosity ratio of 2 between
the oil and polymer, shown as Nr. 2 in Table 3.3. Polymer solutions were prepared
to investigate the synergies and benefits of the combined EOR processes.
• Evaluation of Fluid-fluid Interactions: Interfacial tension and oil-drop snap-
off volume measurements were performed to investigate the ionic interaction be-
tween oil polar compounds and active ions in brine (Sections 3.3.1 and 3.3.2 from
Chapter 3). The results of fluid-fluid interactions were incorporated to determine
the possible impact on oil recovery.
• Contact Angle Measurements: Contact angle measurements were performed
to confirm the wettability alteration of Bentheimer core plugs from a water-wet to
oil-wet condition (Section 3.2.1 from Chapter 3). Two approaches were adopted to
cross-validate the results.
• Mechanical degradation of polymer solutions: This step allowed helped
to understand and define any possible degradation prior to the core face using
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Equation 3.2 and to draw better conclusions on polymer performance.
• Two-phase Core Flooding Experiments: Different brines were flooded through
oil-wet core plugs, (CG2 in Table 3.5) as the secondary mode, followed by tertiary-
mode polymer flooding. The purpose was to investigate the synergies of the promis-
ing hybrid EOR process. The experiments followed the flooding sequence explained
in Table 3.7 to observe pressure response and to define oil recovery.
5.2 Fluid Optimization
5.2.1 Wettability Alteration
Contact angle measurements of aged Bentheimer core plugs confirmed the attachment
of the polar oil compounds to the rock surface and wettability alteration from water-wet
(Figure 5.4) to an oil-wet (Figure 5.5). The water wetness of the Bentheimer core plug,
saturated with SSW, was determined as the oil drop did not result in any change in
the contact angle over time (see Figure 5.2 and Figure 5.4). For the oil-saturated and
aged core, a change in the contact angle was observed over time, confirming a possible
wettability alteration due to the attachment of polar compounds with the rock surface
over the aging period (Figure 5.3 and Figure 5.5). Per assumptions, Bentheimer has a
negligible amount of clay (less than 1%), so quartz causes this wettability modification.
The result is supported by Al-Saedi et al. [29], who reported that quartz behaves simi-
larly to clays. According to Skauge et al. [102], the aging of Bentheimer cores at 50°C
for three weeks would induce the attachment of oil polar compounds to the rock surface.
Figure 5.2: Contact angle between SSW saturated core plug and oil drop at 0 minutes (left
side) and after 60 minutes (right side)
Additional observations were made using the pendant drop method to validate the
contact angle measurements. This approach was used to measure the contact angle
between the saturated core plugs (seawater and dead oil) and oil drop, as shown in
Figure 5.4 and Figure 5.5, respectively. A similar trend was observed, as core plugs
saturated with brine showed a water-wet condition while oil-saturated, aged core plugs
were altered to an oil-wet condition.
Contact angle results obtained from both approaches, in-house measurements and
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pendant drop method measurements, are in line. The brine-saturated core plug indi-
cated water wettability of the core plug. However, the six-week aging process of the
oil-saturated core plug resulted in wettability alteration from a water-wet to oil-wet
condition. This wettability alteration to an oil-wet state was caused by the oil polar
compounds’ attachment to the rock surface through the bridging reaction of divalent
cations present in the formation brine, as shown in Figure 1.1A.
Figure 5.3: Contact angle between oil-saturated, six-week aged core plug and oil drop at 0
minutes (top left) and after 60 minutes (bottom right)
Figure 5.4: Pendant drop method contact-angle measurement between brine-saturated core plug
and oil drop at 0 minutes (left) and after 60 minutes (right)
Figure 5.5: Pendant drop method contact-angle measurement between oil-saturated, six-week
aged core plug and oil drop at 0 minutes (left) and after 60 minutes (right)
5.2.2 Impact of Sulfates on IFT
Table 5.1 presents the defined IFT response for each solution tested in this research.
The results suggest that an optimum concentration of sulfate is a critical criterion to
design adequate mechanized/modified water based on the fluid-fluid interfacial mech-
anism. SSW+2SO−24 had the highest IFT value, which means it also resulted in the
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development of an elastic layer at the oil-brine interface. Therefore, the actual impact of
both factors (rigid interfacial layer and coalescence-suppressing interfacial barriers) on
oil recovery needs to be cleared from the core flooding experiments. Two main points
can be derived from Table 5.1;
• Doubling the amount of sulfates in SSW resulted in a doubled value of IFT (com-
pares to SSW).
It is assumed that changes obey the ionic reaction happening at the interface. In-
teractions between divalent ions in the brine and oil polar compounds (asphaltene)
at the interface formed a stable layer. The results of Mohamed and Alvarado [1]
and Moustafa and Shedid [3] support this assumption. Morin et al. [35] proposed
that this elastic layer at the interface correlates with producing more oil due to
continuous oil flow because the layer is resistant to oil-phase rupture. The im-
proved interfacial layer developed at the fluid interface helped produce higher IFT
measurements for SSW+2SO−24 brine.
• Quadrupling the sulfates in SSW resulted in a decrease in the IFT response.
A possible explanation for this behaviour is the presence of an excessive amount of
sodium in the brine. An excessive amount of sodium in the brine can implicate the
development of naphthenic salts through the reaction between sodium in the brine
and NAs in the oil. Naphthenic salts are accumulated at the oil-brine interface
and soften the interfacial film [90]. According to Alvarado et al. [92] and Moradi
and Alvarado [31], the controlling mechanism is associated with two coalescence-
suppressing interfacial barriers between fluids.
Table 5.1: Interfacial tension (IFT) between brines and crude oil at 22°C
Brine IFT 1 IFT 2 IFT (Average)
mN/m mN/m mN/m
SSW 2.03 2.37 2.20
SSW+2SO−24 4.66 4.28 4.47
SSW+4SO−24 2.11 2.01 2.06
SSW-0NaCl 2.85 3.02 2.94
2*SSW 3.15 3.39 3.27
5.2.3 Oil-drop Snap-off Volume Measurements
Table 5.2 summarises the defined data. The observed behaviour appears to be in line with
the results reported for the IFT response. SSW+2SO−24 depicted the biggest drop size
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before the drop snap-off point, and the drop was sustained on the needle for 43 minutes.
It is assumed that this is due to the improved oil-brine interface layer developed by the
slow and irreversible adsorption process of asphaltene-sulfate at the oil-brine interface,
as discussed earlier [32] [30] [33]. This adsorption process of asphaltene-sulfates resulted
in the development of a stable interface between the oil and brine [88]. Moreover, the
induced interfacial layer made the oil-drop resistant to rupture, or the oil-drop snap-off
from the needle occurred after a longer time interval. Both sulfate and NAs produced
repulsion forces at the interface, as shown in Figure 5.6(B). The ability of NAs to improve
the oil-brine interfacial elasticity was also reported by Havre and Sjoeblom [84]. These
repulsive forces resulted in a higher IFT response at the fluid interface. This higher IFT
indirectly resulted in the development of an interfacial elastic layer at the fluid interface.
Hence, the stable and elastic interfacial layer continued to produce large oil drops with
increasing oil influx until the buoyancy force overcame the interfacial force. The higher
buoyancy force caused oil-drop snap-off from the needle. Moreover, the strong interfacial
layer made the oil drop resistant to rupture or snap-off from the needle for 43 minutes,
as be seen in Table 5.2.
Table 5.2: Oil drop-size analysis before snap-off





Figure 5.6: Ionic activity of sodium and sulfate ions to develop small and large drops, respec-
tively
An additional point to note is that SSW+4SO−24 had the smallest oil drop size at the
snap-off point. A reason for this is an excessive amount of sodium can cause coalescence-
suppressing interfacial barriers at the oil-brine interface. An excessive amount of sodium
can promote the stability of microscale water-in-crude oil emulsions at the interface
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and, hence, early snap-off of the oil drop from the needle, as shown in Figure 5.6 (A).
According to Kiran at al. [90], an excessive amount of sodium results in the formation
of naphthenic salts at the interface, which, in turn, softens the interfacial barrier. In
simple words, attractive forces are developed at the oil-brine interface as the result
of an excessive amount of sodium ions and negative oil polar compounds (NAs), as
presented Figure 5.6 (A). These attractive forces result in microscale soap formation at
the interface, which results in a decrease of IFT. Hence, buoyancy becomes dominant at
the small oil-drop size, which results in earlier oil-drop snap-off from the needle.
A series of images shown in Figure 5.7 through Figure 5.9 depict the oil-drop size
development during the snap-off evaluation. As shown, the oil drop in SSW brine devel-
oped drop volume up to 7.5µL, which was sustained for 21 minutes (Figure 5.7), while
in SSW+4SO−24 brine, the drop volume reached only 5.0µL and was sustained for 11
minutes before snap-off (see Figure 5.8). Moreover, in SSW+2SO−24 brine, the largest
oil drop size developed, at 12.5µL volume, with snap-off occurring at 43 minutes (Figure
5.9).
Figure 5.7: Oil drop volume increased till the snap-off point in SSW brine (Fluid interfacial
interactions)
Figure 5.8: Oil drop volume increased till the snap-off point in SSW+4SO−24 brine (Fluid
interfacial interactions)
Figure 5.9: Oil drop volume increase till snap-off point in SSW+2SO−24 brine (Fluids inter-
facial interactions)
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As an overall observation, doubling amount of sodium sulfate improved the asphaltene-
sulfate adsorption process at the oil-brine interface and helped develop a stable interfacial
barrier. This improved elastic response resulted in the higher IFT values and the pro-
duction of larger oil drops. Further, increasing the amount of sodium sulfate, catalysed
the ionic reaction between sodium ions in the brine and NAs in the oil. This reaction
produced a negative impact on the oil-brine interfacial film, resulting in lower IFT values
and hence small oil drop production.
5.2.4 Steady Shear Rheology (Shear Viscosity)
Figure 5.10 shows the shear viscosity of polymer solutions (injected in the tertiary mode).
The selection criteria for polymer viscosity was described in Chapter 3 as Nr. 2 in Table
3.3. The main idea is to select a polymer concentration that provides half of the dead oil
viscosity (≈4.0 mPas at a shear rate of 10 s−1); hence, 750-ppm polymer concentrations
were injected in the tertiary mode for the core flooding experiments.
Figure 5.10: Steady shear viscosity of polymer solutions at a temperature of 45°C. Polymer
solutions are prepared in three injection brines
5.3 Oil Recovery and Pressure Response
5.3.1 Core Flooding Sequence
Core flooding was performed according to the sequence described in Table 3.7. Cores were
initially flooded in secondary-mode brine flooding through oil-saturated core plugs with
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initial water saturation, as mentioned as CG2 in Table 3.5. The injected brines shown as
BG3 in Table 3.1. Subsequently, as the second phase of injected fluids, polymer flooding
was performed as the tertiary mode. Polymer diluted solution viscosities at 45°C and
concentrations are reported as Nr. 2 in Table 3.3. Polymer viscosity was selected as
half of the oil viscosity. Bump rate injection was also performed between secondary- and
tertiary-mode flooding to eliminate fingering effects, if present.
5.3.2 Core Flooding and Oil Recovery Observations
Table 5.3 and Figure 5.11 summarise the results obtained for the core flooding experimen-
tal workflow defined in Table 3.7. The recovery factor (RF) indicates strong dependency
on the chemical composition of the formation brine, injection brine, and, presumably,
the fluid-fluid/rock-fluids interactions, as previously discussed. The most relevant ob-
servations from Table 5.3 and Figure 5.11 can be grouped into these categories:
• SSW as formation brine.
• Double SSW as formation brine.
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Figure 5.11: Graphical overview of oil recovery and remaining oil saturation demonstrated in
Table 5.3
5.3.3 SSW as Formation Brine (Secondary-mode Brine Flood-
ing)
• Secondary-mode SSW injection (T2 core) resulted in the least RF at around 34%. A
similar result was obtained under the same flooding conditions in the work outlined
in Chapter 4.
• Injection of chemically modified brines disturbed the ionic equilibrium system in-
side the core plug. However, the aging of core plugs resulted in the attachment of
polar compounds on the rock surface (previously confirmed in this work).
• Core plug T7 had in the lowest remaining oil saturation (54.31%) after secondary-
mode sulfate-modified water injection (SSW as formation brine). This response is
assumed to correlate with improved fluid-fluid interfacial interaction (previously
discussed). SSW+2SO−24 had the highest fluid-fluid interfacial interaction (IFT
and oil-drop snap-off volume measurements). During core flooding, the wettability
alteration process is initiated through modified brine, resulting in detachment of
the oil from the rock formation. In parallel, in the oleic phase, contact with the
injected brine forms an ionic interfacial layer. Presumably, this ionic interfacial
layer helps with the continuous flow of oil. This further restricts the oil drop’s
reattachment on the rock surface, hence the plugging and entrapment of the oleic
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phase.
• Flooding SSW+4SO−24 produced the second-highest oil recovery of 38.98%. This
significantly lowered the remaining oil saturation compared to SSW brine and
SSW-Na injection, which may be associated with improved fluid-fluid interaction.
It is believed that the excessive spiked amount of sulfates (4SO−24 ) helped to de-
crease IFT to 2.06 mN/m. Related to the IFT and oil-drop snap-off evaluations,
the smallest drop-size detachment was observed, and the improved oil-brine inter-
face reaction helped produce microscale water-in-oil emulsions (or microscale soap
formation).
• The oil recovery results are in line with the results obtained by Mohamed and
Alvarado [1]. Maximum oil recovery was obtained by increasing the sulfates in
SSW by three and five times. According to the authors, three and five times more
sulfate results in the highest interfacial viscoelasticity.
• It can be seen from experiments Nr.1 through 4 of Table 5.3 that the improved
fluid-fluid properties have a dominant role compared to microscale water-in-oil
emulsions for higher oil production. Moreover, the amount of sulfate added to
designed modified water is a critical parameter that requires attention. Injecting
SSW and SSW-0NaCl did not lead to additional oil production due to a lack of
active sulfate ions. It is assumed that neither of the brines could disturb the es-
tablished ROB ionic equilibrium and hence could not improve oil recovery (weaker
fluid-fluid interaction).
5.3.4 Double SSW as Formation Brine (Secondary-mode Brine
Flooding)
• Focusing on the second group of experiments (Nr. 5 through 8 from Table 5.3),
SSW injection produced the lowest recovery of 34.56%, leaving a significant amount
of remaining oil saturation (65.44%) in the core.
• Injecting SSW+4SO−24 resulted in the highest RF of 51.78% and the lowest re-
maining oil saturation of 48.22%. This behaviour is in contrast with injecting
SSW+2SO−24 (Nr. 1 through 4 from Table 5.3), which produced the highest re-
covery with SSW as formation brine. The same result can be reasonably expected
for remaining oil saturation (ROS) with 2*SSW formation brine. However, this
did not happen and instead, SSW+4SO−24 produced the highest recovery. This is
associated with the relationship between the chemical composition of injection and
formation brines. As the formation brine composition is doubled to 2*SSW, the
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sulfate amount must be quadrupled in the injection brine. This process is neces-
sary to compensate for the ionic reaction based on fluid-fluid interaction. Therefore
SSW+4SO−24 produced the highest recovery with 2*SSW formation brine.
• The second-lowest ROS (54.65%) was achieved by injecting SSW-0NaCl brine. This
result is in line with the results reported by Zhang et al. [22]. The higher recovery
is believed to be connected to the role of the PDI and non-PDI ions in the system.
2*SSW formation brine was saturated with PDI (Ca+2 and Mg+2 ions) while the
injection brine had no non-PDI (Na+1). An additional supporting argument for
higher recovery is the reduced TDS. TDS of SSW-0NaCl were less than half that of
SSW. Therefore, in this case, the low concentrations of salts could also play a role.
It can be claimed that the combined scenario of PDI and non-PDI ions and low
salinity played a crucial role in lowering the ROS. However, the ROS obtained in
the T1 core plug indicates otherwise, suggesting that the role of low concentrations
of salts was negligible. Finally, the activity of PDI and non-PDI ions support the
lowered ROS in the T3 core flood.
Summarising the results of secondary-mode injection for both formation brines, it is
clear that combined mechanisms of wettability alteration in porous media and improved
fluid-fluid interfacial interactions are responsible for the higher oil recovery. Further, the
spiked amount of sulfates in injection brine significantly lowered the ROS. In addition,
both sets of experiments further explained that the relationship between the amount of
sulfates added and oil recovery is not strictly linear. Hence, having an optimum amount
of sulfates is an important parameter to achieve the lowest ROS. These experiments also
suggest that the chemical relationship between injection brine and formation brine is
essential.
5.3.5 Bump Rate: Remaining Oil Saturation
• The RF bump rate results in Table 5.3 indicate the oil produced through the bump
rate. Bump-rate injection is performed at a higher rate (more than doubled) than
brine flooding, as described earlier. This higher injection rate could cause a higher-
pressure differential along the core and cause oil to be trapped due to capillary end
effects.
• Looking at the figures for oil recovery, the T4 and T1 plugs produced the maximum
oil, reducing the highest ROS. There is no specific trend regarding the relation-
ship between the bump rate and RF based on the chemical composition of the
previously injected brine. The RF obtained for the bump rate provides significant
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insights into the production of trapped oil due to capillary end effects. A higher
recovery (14.95%) from T1 is expected because of the highest ROS (67.98%) after
secondary-mode brine flooding. Interestingly, however T4 also produced significant
oil (13.59%). Comparing the RF of the T4 and T5 experiments (secondary mode),
the difference becomes significant (10%). It is assumed that some oil is released
due to improved fluid-fluid interaction in T4 and could not be recovered due to the
strong capillary end effects. However, the bump rate helped to release this trapped
oil due to the excessive pressure drop.
5.3.6 Remaining Oil Saturation after Tertiary-mode Polymer
Flooding
• Polymer flooding in the tertiary recovery mode also resulted in a significant reduc-
tion in ROS, as shown in Table 5.3. As previously mentioned, the objective is to
lower ROS due to viscosity support from tertiary-mode flooding. Therefore, the
viscosity of the polymer is defined as half that of the oil viscosity so the viscosity
value lies between that of the brine and oil. It can be argued that this oil recovery
is only due to mobility control of the polymer flood. However, Shaker Shiran and
Skauge [7] found that hybrid EOR (combined EOR techniques) flooding results in
higher recovery compare to a single EOR technique.
• Looking at the recovery numbers, polymer flooding after SSW-0NaCl significantly
decreased ROS in the T3 core (with 2*SSW as formation brine). The combined
effect of PDI ions in the formation fluid and removal of non-PDI ions in the injected
fluid released oil from the core surface, but this oil could not be produced even
with the bump rate. The changes in viscosity due to the polymer flood made it
possible for this detached oil to flow. Therefore, this contributed to lower the ROS
to 16.32%. Interestingly enough, polymer flooding after SSW flooding contributed
to significant recovery (12.67% and 13.4%), but the reason for this is the higher
amount of ROS (in both T2 and T6 plugs). Moreover, comparing the final ROS
from T2 and T6, the data depict the highest values among all scenarios. It is likely
that polymer flooding produced higher recoveries due to the higher ROS of T2
and T6 plugs. Subsequently, polymer flooding after sulfate-modified water flooding
reduced ROS by 9% to 11%, which is significant.
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5.3.7 Final Recovery and Remaining Oil Saturation
• Table 5.3 shows that the improved fluid-fluid interfacial interaction significantly
reduced the ROS (T7 and T5 cores) in both groups of formation brines.
• Depleted Na+1 in injection brine and a spiked amount of Ca+2 and Mg+2 ions in
formation brine also produced significant oil recovery (71.34%). This result is in
agreement with the data reported by Zhang et al. [27].
• According to the final ROS data of the T3 and T5 experiments, the flooding process
of T5 (SSW+4SO−24 ) is commercially economical. The main reason for this is the
brine processing cost of SSW-0NaCl for T3. Na+1 removal from SSW can cost much
more compared to the addition of a small amount of sulfate in the injection brine
to design the modified water. Economically and technically, the spiked amount of
sulfate is a feasible process on a commercial scale.
• The highest ROS was seen after the injection of SSW in both groups of experi-
ments, as shown in Table 5.3. As previously described, this is because the injection
and formation brines shown in Table 3.1 have the same hardness value. The modifi-
cation of SSW to design modified water established a contrast in hardness between
injected and formation brine. This process further manipulates the ionic equilib-
rium in the reservoir system. As seen in Table 3.1 and Table 5.3, the lowest ROS
values were observed when the hardness contrast between injection and formation
brine is significant. To summarise, the combined EOR process worked efficiently,
contributing to significant oil recovery.
• Maximum total oil recovery was observed for the hybrid EOR process of SSW+4SO−24
and SSW+2SO−24 injection in the secondary mode and polymer flooding in the ter-
tiary mode (SSW as formation brine). Similarly, in the case of 2*SSW formation
brine, the highest total recovery was achieved through a hybrid EOR process com-
prising injecting SSW+4SO−24 and SSW-Na in the secondary mode followed by
polymer flooding in the tertiary mode. However, SSW-Na preparation is not com-
mercially economical, which further indicates that sulfate-modified brine should
be injected in the secondary mode. To sum up, hybrid EOR processes worked
efficiently, contributing to significant oil recovery, as found by Shaker Shiran and
Skauge [7] and Tahir et al. [69].
5.3.8 Modified Water Injection in the Tertiary Mode
Table 5.4 describes the injection of modified water in the tertiary mode after SSW
injection (core T10). Note that the bump rate, before modified water injection, produced
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significant oil; this is assumed to eliminate possible capillary end effects. On one hand,
sulfate-modified water injection worked well in the tertiary mode contributing to a 9.64%
reduction in ROS. In contrast, sulfate-modified water injection in the secondary mode
(T7 in Table 5.3) contributed to 2% increased recovery compared to the combination of
SSW in the secondary mode and sulfate-modified water injection in the tertiary mode
(Table 5.4). This comparison leads to the recommendation to adopt sulfate-modified
water injection in the secondary mode as the best strategy.
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5.3.9 Oil Recovery Profile versus PV Injected
It was challenging to develop the oil production profile over the pore volume injected
after the brine breakthrough. Before the breakthrough, both oil and brine phases were
stable in the fraction collector due to the continuous one-phase flow. Hence, it was possi-
ble to measure oil produced over time. After the breakthrough, oil and brine production
overlapped in the calibrated collector. Oil drop movement towards the top and brine
movement towards the bottom was observed in the fraction collector due to gravitational
differences. This opposite fluid movement created phase entrapment and a kind of emul-
sion, as can be seen in Figure 5.12(left). One reason for this could be the oil viscosity,
since before the aging process, oil viscosity was measured to be 8.0 mPa.s. However,
during the six-week aging period, the evaporation of lighter oil components reduced the
oil level. Oil refilling was performed twice during the aging process to keep core plugs
inside the oil phase. Therefore, it is expected that lighter components evaporated, leav-
ing behind the heavier components. Moreover, core flooding was performed at 45°C
and the fraction collector was at room temperature (i.e., 22°C). It is expected that the
combined action of the temperature difference and enriched heavier oil components in
the core caused phase entrapment and emulsion development in the fraction collector, as
shown in Figure 5.12(left). This problem was solved by providing phase settlement time
at a higher temperature (45°C) for 3 hours. After each flooding experiment, the fraction
collector was kept in an oven for 3 hours, and the volume of both phases (oil and brine)
were measured afterward, as shown in Figure 5.12(right). Unfortunately, this technique
could not provide the after-breakthrough produced oil values over time to draw a pro-
duction profile. Therefore, the final recovery data and pressure response are the outputs
of flooding experiments.
5.3.10 Pressure Response Observations
Figure 5.13 to Figure 5.17 represent the pressure response of selected core flooding ex-
periments described in Table 5.3. Figure 5.18 describes the pressure behaviour of the
experiments described in Table 5.4. As can be seen, the pressure response is nearly the
same for both the secondary-mode brine flooding and bump-rate injection. Figure 5.16
presents an exception of the measured pressure data. A slightly higher but unstable
pressure was observed. One explanation could be the presence of small air bubbles in
the pipe that connects the pressure sensor (experimental artefact). Overall, pressure
trends for all flooding experiments are about the same. A significant increase in pressure
was observed for polymer flooding after brine flooding for all experiments, resulting in
an increase in pressure until the breakthrough.
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Figure 5.12: Oil produced after the brine flooding in the secondary mode. Phase entrapment
during core flooding (left) and the same fluids after phase settlement in an oven (right)
5.4 Polymer Degradation and Stability Analysis
Figure 5.19 depicts the viscosity loss in the polymer solution and hence the degradation
rate (according to Equation 3.2). Polymer solutions are sensitive to the amount of
sulfate added to the brine while designing the modified water. The steady shear viscosity
curve shows that the higher the amount of added sulfates, the higher the mechanical
degradation observed. Moreover, the highest mechanical degradation, and hence the
highest viscosity loss, happens when the polymer solution enters the core. Therefore,
two main insights can be drawn here:
• Mixing polymer solutions in sulfate-modified water may not be an excellent solution
or a promising approach.
• Mixing polymer solutions in SSW can result in mechanically stable polymer solu-
tions, subsequently affecting economics (utility factor).
The impact of polymer degradation can be clearly seen from Table 5.3 and Figure
5.11. The polymer prepared in SSW produced higher recovery compared to the polymer
prepared in modified water in the tertiary mode. A spiked amount of sulfate made
the polymer solution sensitive to mechanical degradation and sweep efficiency in porous
media was an issue. This indicates that polymer-SSW flooding after sulfate-modified
water injection can produce higher recovery compared to polymer-SSW+2SO−24 . The
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Figure 5.13: Pressure drop versus PV injected for the T6 core plug. Red represents the ex-
perimental data for secondary-mode injection of brine flood, green represents the experimental
data for the bump rate, and yellow represents tertiary-mode injection of polymer flood. The
blue line represents the smoothed data function. 2*SSW is the formation brine.
same polymer sensitivity results with the spiked amount of sulfates were also obtained
in Chapter 4.
5.5 Results and Remarks
Based on the experimental investigation and the evaluation of the obtained results in
this chapter, it can be concluded that the proposed sulfate-modified water application
helped to reduce ROS significantly.
Combined evaluations of fluid-fluid interfacial interaction measurements lead to the
conclusion that a spiked amount of sulfates in the injected brine allowed a stable ionic
interfacial layer to develop at the oil-brine interface. This stable layer formed due to the
ionic reaction, which turned into fluid-fluid interaction. Later core flood experiments
proved that the injection of sulfate-modified water disturbed the established ROB ionic
equilibrium in the reservoir. This disturbance caused detachment of the oil phase from
the rock surface, and sulfates developed an interfacial layer at the interface. This im-
proved the fluid interface, helping to produce continuous oil flow and hence reducing the
ROS.
Furthermore, it can also be concluded that the chemical relationship between in-
jection and formation brines is essential to design the modified water. With SSW as
formation brine, SSW+2SO−24 injection resulted in the lowest ROS. With 2*SSW as
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Figure 5.14: Pressure drop versus PV injected for the T5 core plug. Red represents the ex-
perimental data for secondary-mode injection of brine flood, green represents the experimental
data for the bump rate, and yellow represents tertiary-mode injection of polymer flood. The
blue line represents the smoothed data function. 2*SSW is the formation brine.
formation brine, SSW+4SO−24 injection resulted in the lowest ROS. This relationship is
due to ionic interaction between divalent cations in the formation brine and sulfate ions
of the injection brine. Moreover, the role of PDI (Ca+2 and Mg+2) in the formation
brine and removal of non-PDI (Na+1) in the injection brine is also significant in ROS
reduction.
Looking at the synergies and benefits of sulfate-modified water with polymer flooding,
the lowest ROS was achieved after the secondary mode of modified water and tertiary-
mode polymer flooding. Finally, the addition of sulfate when designing sulfate-modified
water worked perfectly, resulting in less ROS. However, polymer solutions should not be
prepared in modified water. A higher amount of sulfates can make the solutions sensitive
to mechanical degradation and hence higher viscosity loss.
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Figure 5.15: Pressure drop versus PV injected for the T8 core plug. Red represents the experi-
mental data for secondary-mode injection of brine flood, green represents the experimental data
for the bump rate, and yellow represents the tertiary-mode injection of polymer flood. The blue
line represents the smoothed data function. SSW is the formation brine.
Figure 5.16: Pressure drop versus PV injected for the T1 core plug. Red represents the ex-
perimental data for secondary-mode injection of brine flood, green represents the experimental
data for bump rate, and yellow represents the tertiary-mode injection of polymer flood. The
blue line represents the smoothed data function. SSW is the formation brine.
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Figure 5.17: Pressure drop versus PV injected for the T7 core plug. Red represents the experi-
mental data for secondary-mode injection of brine flood, green represents the experimental data
for the bump rate, and yellow represents the tertiary-mode injection of polymer flood. The blue
line represents the smoothed data function. SSW is the formation brine.
Figure 5.18: Pressure drop versus PV injection for the T10 core plug. Cyan represents the
experimental data for secondary-mode injection of brine flood, yellow represents the experi-
mental data for the bump rate, red represents the tertiary-mode injection of modified water
(SSW+2SO−24 ), and green represents the post-tertiary-mode polymer flood. The blue line rep-
resents the smoothed data function. SSW is the formation brine.
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Figure 5.19: Viscosity loss and mechanical degradation of polymer solutions through stainless
steel pipe before entering the core plug. B represents the fresh solution, and A represents the





This chapter describes the flow behaviour of the oil recovery obtained by the injec-
tion of sulfate-modified/low-salinity water in micromodels with different wettabilities.
It provides a detailed microscopic visualization of the displacement taking place during
modified water flooding at a pore-scale level while evaluating the effect of wettability
on oil recovery. A comprehensive workflow for the evaluation is proposed that includes
fluid-fluid and rock-fluid interactions. The methods studied comprise flooding experi-
ments with micromodels. Artificial and real structure water-wet micromodels are used to
understand flow behaviour and oil recovery. Subsequently, water-wet, complex-wet, and
oil-wet micromodels help understand wettability and rock-fluid interaction. The effect of
the sulfate content present in the brine is a key variable in this work. The results of micro-
model experiments conducted in this work indicate that sulfate-modified water flooding
performs better in mixed-wet/oil-wet (artificial structure) than water-wet systems. This
slightly differs from observations of core flood experiments (Chapter 5), where oil-wet
conditions provided better process efficiency. As an overall result, sulfate-modified wa-
ter flooding recovered more oil than SSW injection in oil-wet and complex-wet systems
compared to water-wet systems. Figure 6.1 summarises the adopted workflow and exper-
imental procedures. The findings of this chapter were organized for journal publication
with title ”Flow Dynamics of Sulfate-Modified Water/Polymer Flooding in Micromod-
els with Modified Wettability” in Applied Sciences 2020 (ISSN 2076-3417), 10(9), 3239;
https://doi.org/10.3390/app10093239.
85
6. Sulfate-modified Seawater in Micromodels
Figure 6.1: Adopted workflow for hybrid EOR process in micromodels
6.1 General Methodology and Approach
The proposed workflow helps create an understanding of the role of fluid-fluid interfacial
interaction as a recovery mechanism other than wettability alteration. Furthermore, an
attempt is made to analyse the success of the mechanism of a hybrid EOR comprising
modified water application in combination with a polymer flood. The following steps
were completed to achieve the objectives of this chapter:
• Brine Preparation and Optimization: Four different injection brines were
prepared to correlate and cross-validate the fluid-fluid interaction and oil recovery
results (BG2 and BG3 in Table 3.1). The amount of sulfate in the brine and TDS
were the key parameters for comparison.
• Polymer Diluted Solutions Preparation: Polymer solutions with an oil-to-
polymer viscosity ratio of 1 and 2 at a shear rate 10 s−1 were prepared to inject in
the tertiary mode for viscosity control. Polymer viscosity and concentrations are
reported as Nr. 3 and Nr. 4 in Table 3.3.
• Wettability and Geometry of the Porous Media: Micromodels with three
wettability conditions, summarised in Table 3.9, were used to investigate the role of
wettability on fluid-fluid interfacial interaction. Moreover, two types of water-wet
micromodels with different rock geometries/characteristics were further investi-
gated to cross-analyse the results presented in Table 3.8.
• Two-phase Modified Brine Injection Combined with Polymer Flooding
in Micromodels: Flooding experiments were performed with oil-saturated mi-
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cromodels with established initial water saturation. Brines were injected as the
secondary mode and polymer flooding was performed in the tertiary mode with
a mix-wet micromodel to evaluate and define the benefits and synergies of the
combined EOR process.
6.2 Steady Shear Viscosity
Figure 6.2 shows the steady shear viscosity of polymer solutions injected in the tertiary
mode (after brine flooding). As mentioned earlier, two (2) concentrations of 1,000 ppm
and 1,500 ppm diluted solutions were selected based on the viscosity selection. The
1,000-ppm diluted solution had half the viscosity of the oil while the 1,500-ppm diluted
solution had almost the same viscosity as the oil at a shear rate of 10s−1. Table 6.1
presents shear viscosity values at a shear rate of 10s−1. The same concentration of
polymers was also prepared in sulfate-modified water. As described in previous chapters
(4 and 5), the viscosity contrast was not substantial, both with and without sulfate.
The results of fluid-fluid interaction between the brine-oil interface, static interfacial
tension, and oil-drop snap-off volume are briefly described in Chapter 5. Therefore, the
critical outcomes of both measurements (IFT and oil-drop snap-off volume) from the
work completed were used to interpret the impact on oil recovery.
Figure 6.2: Steady shear viscosity of polymer solutions at 22°C
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Table 6.1: Polymer concentrations and viscosity at a shear rate of 10s−1
HPAM Polymer at 22 ºC






6.3 Wettability Conditions of Micromodels
Wettability of the micromodel was confirmed by visual observation, through the con-
cave/convex interface of the reservoir fluids (oil and brine) with a circular matrix struc-
ture. The concave shape of the wetting phase spreading over the rock matrix can be
seen in Figure 7.5 with oil initialization. However, the non-wetting phase adopted the
convex shape at the fluid interface. The water-wet micromodel had the concave shape
of the water phase (in blue) and the convex shape of the oil phase (in green). Similarly,
the oil-wet micromodel had the concave shape of the oil phase (in green) and the convex
shape of the water phase (in blue). For the complex-wet micromodel, some parts were
water-wet while other parts were oil-wet.
6.4 Oil Recovery and Pressure Response for Secondary-
mode Brine Flooding
6.4.1 Flooding Sequence
Similar to the processes described in Chapter 4 and Chapter 5, brine flooding (BG2
and BG3 from Table 3.1) was performed in the secondary mode with the oil-saturated
micromodels. Polymer flooding was performed in the tertiary mode as the second phase
to investigate the hybrid EOR process for viscosity control. The viscosity of the oil
sample and polymer solutions are presented as Nr. 3 and Nr. 4 in Table 3.3.
6.4.2 Oil-Wet Artificial Model
SSW injection was performed as the base case, and SSW flooding was repeated in the
cleaned model to observe the reproducibility of the oil recovery data. Figure 6.4 and
Figure 6.5 show oil recovery and pressure data for SSW flooding. Looking at the pressure
response and final RFs, similar values are observed for both experiments. From Figure
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6.3, the main flooding was a straight flow path between the injection and production
points. For further investigation of the effect of brine composition on oil recovery, four
injection brines of Table 3.1 were flooded in the secondary mode. Figure 6.6 and Figure
6.7 describe RF profiles and pressure responses for the four injection brines. Table 6.2
summarises further details with regards to additional oil recovery with modified brines
flooding (compared to SSW injection).
Figure 6.3: Artificial structure oil-wet micromodels used for SSW flooding. SSW-1/SSW-2
represents the oil initialization, and BF-1/BF-2 represents after 10PV injected brine
Table 6.2: Summary of the artificial structure oil-wet micromodel with initial oil saturation,
connate water saturation, and final oil RF.
Nr. Flooding Brine
Soi Swc RF Add.
RF
(%)
1 SSW 85.02 14.98 32.84 -
2 SSW 83.44 16.56 32.38 -
3 SSW+2SO−24 85.13 14.87 35.01 2.63
4 SSW-Na 85.64 14.36 33.66 1.27
5 DSSW 83.48 16.52 34.84 2.46
The slightly higher additional oil recovery from brine (3-5 from Table 6.2) flooding
compared to SSW injection was due only to the fluid-fluid interfacial interaction de-
veloped between the oil and brine. The main reason for this could be negligible local
wettability alteration (rock-fluid interaction) of the micromodel established by injected
brines. Sulfate-modified water and DSSW do not show a strong ability to disturb the
hydrophobic layer coated on the matrix of the micromodel for wettability alteration. It
is believed that this additional oil recovery was obtained due to the improved ionic inter-
facial response at the interface (fluid-fluid interaction). This ionic interfacial interaction
developed due to a slight increase in the static IFT at the interface between the modified
brines and the oleic phase. Further, the concept of PDI/non-PDI ions for SSW-Na brine
flood did not work as expected and produced only 1.27% additional oil. Hence, this in-
dicates that adding/removing the PDI/non-PDI ions works, focusing on the concept of
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Figure 6.4: Oil recovery versus PV injected for the artificial structure oil-wet micromodel.
SSW injection was performed as the secondary mode for both flooding experiments.
wettability alteration as a main recovery mechanism. Considering the economical aspect
of the project, sulfate-modified (SSW+2SO−24 ) injection proved to be a suitable brine
when comparing the extra oil recovery and brine preparation (the removal of NaCl from
SSW or dilution of the SSW).
Figure 6.8 is the final image after ≈ 10PV brine flood (Table 3.1 injection brines).
Table 6.2 describes the initial oil saturation and connate water saturation, which fall in
the same range. RF represents the final RF after 10 PV injected. Further, additional oil
RF represents the additional oil produced after brine flood compared to SSW. Looking
at the flooded flow paths of Figure 6.8, it is clear that two brines (SSW+2SO−24 and
DSSW) swept slightly better than the other two brines. The reason is the previously
discussed improved fluid-fluid interfacial interaction.
6.4.3 Mixed/Complex-Wet Artificial Model
As previously mentioned, a model with the same characteristics as the oil-wet model
and pore geometry was used. Some parts of this model were oil-wet while others were
water-wet, leading to its name—a complex-wet model. Three injection brines of Table
3.1 were flooded at injection flux of 1.0 ft/day to compare the RFs. For reproducibility
of the results, modified water (SSW+2SO−24 ) injection was repeated to observe the RFs,
as displayed in Figure 6.9 and Figure 6.10.
Almost the same final oil RF and pressure responses were measured for both ex-
periments, confirming reproducibility of the data. For further investigation, SSW and
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Figure 6.5: Pressure drop versus PV injection for artificial structure oil-wet micromodel. SSW
injection was performed as the secondary mode for both flooding experiments
SSW-Na brines were injected through this model to compare the RFs presented in Figure
6.11.
Both brines (SSW+2SO−24 , SSW-Na) produced higher recovery compare to SSW
injection (see Table 6.3). Again, the mechanism behind the increased production is the
higher ionic interaction at the brine-oil interface compared to SSW. Furthermore, the
wettability alteration mechanism (rock-fluid interaction) is not strong enough to produce
additional oil, compared to core flooding, as discussed in Chapters 4 and 5. Moreover,
the pressure profile for the complex-wet model was the same as for the oil-wet model
for all brines except SSW-Na (Figure 6.12). Figure 6.13 shows the flooding patterns for
fluids after 10 PV brine injection.
Table 6.3: Summary of the artificial structure complex-wet micromodel with initial oil satura-
tion, connate water saturation, and final oil RFs
Nr. Flooding Brine
Soi Swc RF Add.
RF
(%)
1 SSW 81.28 18.73 39.58 -
2 SSW+2SO−24 80.66 19.34 42.71 3.13
3 SSW-Na 76.40 23.6 41.55 1.97
6.4.4 Water-Wet Artificial Model
SSW injection showed the reproducibility of the results in the water-wet micromodel, as
shown in Figure 6.14. Furthermore, water-wet micromodel experiments showed slightly
higher oil recovery from SSW flooding compared to SSW+2SO−24 injection, as shown
91
6. Sulfate-modified Seawater in Micromodels
Figure 6.6: Oil recovery versus PV injected for the artificial structure oil-wet micromodel.
Four injection brines of Table 3.1 were flooded as the secondary mode.
in Table 6.4. As described earlier, SSW+2SO−24 works effectively if the reservoir is oil-
wet or mixed-wet. This approach was confirmed during the micromodel experimental
investigation. Furthermore, it can be seen that pressure response is almost half that of
the pressure profiles of both previously discussed systems, as can be seen in Figure 6.15.
Negative additional RF in Table 6.4 represents lower oil recovery through SSW+2SO−24
flooding compared to SSW. Figure 6.16 and Figure 6.17 show the recovery profiles and
pressure responses of both injected brines for water-wet micromodels. Further, Figure
6.18 represents the flooding pattern after 10 PV of both brine flooding.
Table 6.4: Summary of the artificial structure water-wet micromodel with initial oil saturation,
connate water saturation, and final oil RFs.
Nr. Flooding Brine
Soi Swc RF Add.
RF
(%)
1 SSW 93.19 6.82 53.77 -
2 SSW+2SO−24 92.74 7.26 52.85 -0.92
6.4.5 Water-Wet Real Structure Model
Three brine floods were performed as mentioned in Table 6.5 and described in Figure
6.19 and Figure 6.20. The final RFs were similar for SSW and SSW+2SO−24 . The results
are in line with the oil recovery results of the artificial structure water-wet micromodel
discussed. Furthermore, DSSW produced slightly less oil (0.58%) compared to the other
two brines. This small difference in oil recovery may be due to experimental artefacts
and can considered to be the same oil recovery.
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Figure 6.7: Pressure drop versus PV injected for the artificial structure oil-wet micromodel.
Four injection brines of Table 3.1 were flooded as the secondary mode.
Figure 6.8: Artificial structure oil-wet micromodels used for injection brines in Table 3.1. The
figures represent the recovery after 10PV injected brine.
This analysis justifies that oil-wet or complex-wet porous media systems are impor-
tant for producing extra oil with sulfate-modified seawater or low saltwater. Figure 6.19
explains that SSW+2SO−24 produces the maximum oil at breakthrough. Furthermore,
DSSW requires higher injected PV to achieve oil recovery close to the other two brines.
Compared with the micromodel discussed in the previous section (water-wet artificial
model), the difference between oil recovery was less than 1% for both models for SSW
and SSW+2SO−24 flooding. This comparison emphasizes the hypothesis that sulfate-
modified water flooding in the water-wet system will not work efficiently and produced
brine/SSW is favourable to perform secondary-mode brine flooding. Figure 6.21 shows
the oil initialization condition and after 10PV brine flood for three brines. Comparing
the final RFs with the RFs of all previous experiments, the artificial structure water-wet
model is closer. This comparison further justifies that under the same wetting condi-
tions, brine could recover oil within a margin of 3%. This difference increased to 22%
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Figure 6.9: Oil recovery versus PV injected for the artificial structure complex-wet micro-
model. Sulfate-modified water injection was performed as the secondary mode for both flooding
experiments.
by changing the wettability of the system (oil-wet model).
Table 6.5: Summary of the real structure water-wet micromodel with initial oil saturation,
connate water saturation, and final oil RFs.
Nr. Flooding Brine
Soi Swc RF Add.
RF
(%)
1 SSW 91.15 8.85 55.01 -
2 SSW+2SO−24 96.49 3.51 55.4 0.39
3 DSSW 95.32 4.68 54.43 -0.58
6.5 Oil Recovery and Pressure Response for Tertiary-
mode Polymer Flooding
6.5.1 Polymer Viscosity with Half the Oil Viscosity in the Complex-
wet Model
As described earlier, polymer (1,000 ppm) with half the viscosity of the oil (9.58 mPa.s)
was injected in the tertiary mode to observe additional oil recovery. The micromodel
with complex wettability was used for polymer flooding. First, bump-rate injection at
a rate five times higher than that of the brine flood was performed to eliminate any
possible capillary end effects. A minor amount of recovered oil and increased pressure
response for the bump rate can be seen in Figure 6.22 and Figure 6.23. The polymer
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Figure 6.10: Pressure drop versus PV injected for the artificial structure complex-wet micro-
model. Sulfate-modified water injection was performed as the secondary mode for both flooding
experiments.
flood results for the tertiary mode are also shown. Figure 6.22 shows that no additional
oil was produced by polymer injection in either experiments. One reason for this could
be that the polymer followed the pre-flushed path of the brine and could not contribute
additional recovery due to lower aqueous viscosity compared to the oil. Furthermore, the
pressure of the polymer flood was lower compared to the bump rate in both experiments,
as shown in Figure 6.23. This analysis supports the assertion that the lower pressure
difference for polymer flooding was the reason for no additional recovered oil.
6.5.2 Polymer Viscosity Equal to the Oil Viscosity in the Complex-
wet Model
As a further step, the impact of increased polymer viscosity (equal to the oil viscosity)
on oil recovery was investigated. To do so, 1,500-ppm polymer was injected through the
micromodels described in the previous sections. Figure 6.24 to Figure 6.27 describe the
additional oil recovered and the impact on pressure response. Polymer diluted in SSW
resulted in additional oil recovery of 4.33% (Figure 6.24), and the polymer prepared in
SSW+2SO−24 resulted in additional oil recovery of 6.91% (Figure 6.26). Overall recovery
from both micromodels was approximately 50%. Brine flooding was also performed
after post-tertiary-mode polymer flooding to observe further recovery due to any bypass
flow through the micromodel, but, in both cases, no oil was recovered. This reason for
this could be a loss of polymer viscosity due to mechanical degradation while flowing
through flow lines and the pump. This degradation caused a reduction in polymer
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Figure 6.11: Oil recovery versus PV injected for the artificial structure complex-wet micro-
model. Three injection brines of Table 3.1 were flooded as the secondary mode.
viscosity, resulting in lower viscosity than that of the oil. Later, brine flooding was
performed for the pre-flushed flow paths of polymer solutions due to lower viscosity of
the aqueous phase compared to the viscosity of the trapped oil. This investigation and
the comparison of its results with those outlined in the previous section suggest injecting
polymer solution with a viscosity at least equal to the oleic phase in porous media.
Lower polymer viscosity (half that oil) do not contribute to the economics of a polymer
injection project.
6.5.3 Polymer Viscosity Equal to Oil Viscosity in the Water-
wet Real Structure Model
The same polymers described in Section 6.5.2 were injected through the real structure
model. The results are presented in Figure 6.28 and Figure 6.29. Polymer flooding was
performed after bump rate injection at a rate five times that of brine injection. Looking at
the oil production profiles, the bump rate after SSW+2SO−24 produced more oil compared
to SSW flooding. This could be due to detached and trapped oil drops in porous media,
which are produced through high-pressure support of the bump rate. However, the
polymer solution diluted in SSW+2SO−24 produced 2.61% additional oil recovery after
the bump rate, and the polymer prepared in SSW produced 1.69% additional recovery.
This marginal 1% difference in oil recovery was due to the increase in pressure across
the model, as can be seen in Figure 6.29. This rapid increase in pressure was caused
by microgel plugging the flow channels. Furthermore, comparing the results of the same
polymer flood in the artificial structure model shows that this model produced more
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Figure 6.12: Pressure drop versus PV injected for the artificial structure complex-wet micro-
model. Three injection brines in Table 3.1 were flooded as the secondary mode.
Figure 6.13: Artificial structure complex-wet micromodels used for three injection brines men-
tioned in Table3.1. The figure represents the oil recovery after 10PV injected brine.
recovery with polymer flooding. This higher oil recovery could be due to the wettability
difference between the systems. Polymer flooding in the complex-wet micromodel was
more efficient than in the water-wet micromodel. Brine injection helped to develop fluid-
fluid interfacial interaction and the follow-up higher viscosity aqueous phase efficiently
swept the detached oil, resulting in higher recovery.
6.6 Results and Remarks
Based on the experimental investigation and collected data outlined in this chapter,
it can be concluded that mechanisms of both wettability alteration and fluid-fluid in-
terfacial interaction are of great importance for reducing the ROS. However, in the
oil-wet micromodel, only fluid-fluid interaction helped to produce the additional oil from
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Figure 6.14: Oil recovery versus PV injected for the water-wet artificial structure micromodel.
SSW injection was performed as the secondary mode for both flooding experiments
SSW+2SO−24 . Additionally that there was no rock-fluid interaction in the oil-wet mi-
cromodel. One reason for this is that the oil-wet condition is achieved by applying a
chemical layer adsorbed at the matrix structure, which is difficult to change to water-wet
by modified water. The results also confirm that SSW+2SO−24 or low-salt water flood-
ing work efficiently only in oil-wet and complex-wet reservoir systems (for the conditions
presented in this work). In a water-wet system, the fluid-fluid/rock-fluid interaction
concept could not work in a promising manner.
Moreover, it was observed that polymer injection with a viscosity equal to that of
oil can contribute to additional oil recovery through the micromodels. Polymer flooding
after SSW+2SO−24 contributed 2% higher recovery compared to polymer injection after
SSW, which proposes as the appropriate combination of modified water flooding following
polymer flooding. Subsequently, it was observed that the pore distribution and rock
properties do not have a significant impact on oil recovery under the same wettability
conditions (for the conditions presented in this work). Comparing the two types of
water-wet models artificial and real structure), nearly the same RF of 55% through SSW
flooding was achieved.
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Figure 6.15: Pressure drop versus PV injected for the water-wet artificial structure micromodel.
SSW injection was performed as the secondary mode for both flooding experiments.
Figure 6.16: Oil recovery versus PV injected for the water-wet artificial structure micromodel.
Two injection brines of Table 3.1 were flooded as the secondary mode.
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Figure 6.17: Pressure drop versus PV injected for the water-wet artificial structure micromodel.
Two injection brines of Table 3.1 awere flooded as the secondary mode.
Figure 6.18: Artificial structure water-wet micromodels used for two injection brines in Table
3.1. The figure represents oil recovery after 10PV injected brine.
Figure 6.19: Oil recovery versus PV injected for the water-wet real structure micromodel.
Three injection brines of Table 3.1 were flooded as the secondary mode.
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Figure 6.20: Pressure drop versus PV injected for the water-wet real structure micromodel.
Three injection brines of Table 3.1 were flooded as the secondary mode.
Figure 6.21: Real structure water-wet micromodels used for three injection brines in Table3.1.
The figures on the left represent oil initialization, and those on the right represent oil recovery
after 10PV brine flooding.
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Figure 6.22: Oil recovery versus PV injected for the complex-wet artificial structure micro-
model. Polymer (with half the viscosity of oil) flooding in the tertiary mode was performed after
brine flooding in the secondary mode.
Figure 6.23: Pressure drop versus PV injected for the complex-wet artificial structure micro-
model. Polymer (half the viscosity of oil) flooding in the tertiary mode was performed after
brine flooding in the secondary mode.
102
6. Sulfate-modified Seawater in Micromodels
Figure 6.24: Oil recovery versus PV injected for the complex-wet artificial structure micro-
model. Polymer (equal to the viscosity of oil) flooding was performed in the post-tertiary mode
after SSW brine flooding in the secondary mode.
Figure 6.25: Pressure drop versus PV injected for the complex-wet artificial structure micro-
model. Polymer (equal to the viscosity of oil) flooding was performed in the post-tertiary mode
after SSW brine flooding in the secondary mode.
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Figure 6.26: Oil recovery versus PV injected for the complex-wet artificial structure micro-
model. Polymer (equal to the viscosity of oil) flooding in the post-tertiary mode was performed
after SSW+2SO−24 brine flooding in secondary mode
Figure 6.27: Pressure drop versus PV injected for the complex-wet artificial structure micro-
model. Polymer (equal to the viscosity of oil) flooding in the post-tertiary mode was performed
after SSW+2SO−24 brine flooding in the secondary mode.
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Figure 6.28: Oil recovery versus PV injected for the water-wet real structure micromodel.
Polymer (equal to the viscosity of oil) flooding in the tertiary mode was performed after
SSW+2SO−24 /SSW brine flooding in the secondary mode.
Figure 6.29: Pressure drop versus PV injected for the water-wet real structure micromodel.
Polymer (equal to the viscosity of oil) flooding in the tertiary mode was performed after




Coupling Microfluidics Data With
Core Flooding Experiments
The injection of sulfonated-modified water could be an attractive application as it results
in the formation of a mechanically rigid oil-water interface and, hence, possible higher oil
recovery in combination with polymer. Therefore, detailed experimental investigation
and fluid-flow analysis into porous media are required to understand the possible recovery
mechanisms. This chapter evaluates the potential influence of sulfate-modified water
injection in oil recovery by coupling microfluidics data and core flooding experiments.
Fluid characterisation is achieved by detailed rheological investigation focused on steady
shear viscosity. Moreover, two-phase core floods and micromodel experiments helped to
define the behaviour of different fluids. The data obtained was cross-analysed to draw
conclusions about the process effect and performance.
This chapter compares the information presented in previous chapters (4-6), with
a focus on the design of sulfate-modified water flooding for core plugs and micromod-
els. The comparison is presented to support the hypothesis that the primary recovery
mechanism is either the rock-fluid interaction (wettability alteration) or the fluid-fluid
interaction for modified water flooding based on sulfate content. The workflow for the
study of the leading recovery mechanism is described in Figure 7.1. The findings of this
chapter were organized for journal publication ”Coupling Microfluidics Data with Core
Flooding Experiments to Understand Sulfonated/Polymer Water Injection” in Polymers
2020 (ISSN 2073-4360), 12(6), 1227; https://doi.org/10.3390/polym12061227.
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Figure 7.1: Adopted workflow to establish the recovery mechanism
7.1 General Methodology and Approach
• Fluid-fluid and rock-fluid investigations: Fluid-fluid interaction was investi-
gated in oil and brine samples using interfacial tension and oil-drop snap-off volume
measurements. However, rock-fluid interaction was defined by the wettability al-
teration.
• Two-phase flooding experiments in core plugs and micromodels: These
experiments were conducted to understand the oil recovery contribution through
fluid-fluid and rock-fluid interactions. The comparison helped determine the main
recovery mechanism.
• Two-phase flooding experiments combining polymer with modified wa-
ter : These experiments were conducted to evaluate and define the synergies and
benefits between modified water and polymer flooding as a combined EOR tech-
nique. Polymer was injected in the tertiary mode in the complex-wet micromodel
and aged core plugs.
7.2 Fluid Optimization
7.2.1 Steady Shear Viscosity
The steady shear viscosity measurements can be seen as Nr. 1 through 4 in Table 3.3.
Data are presented for the different fluids used in this work and are shown at a reference
shear rate of 10s−1. Important observations can be grouped as the following:
108
7. Coupling Microfluidics Data With Core Flooding Experiments
• A diluted solution of 1,000 ppm resulted in viscosity half that of oil while a diluted
solution of 1,500 ppm has a viscosity equal to that of oil at room temperature.
• Diluted solutions of 300 ppm and 750 ppm resulted in the same viscosity due to
TDS in the mixing brine. Brine 2 and Brine 3 (BG2 in Table 3.1) had TDS of
around 4.5g/L while Brine 4 and Brine 5 (BG3 in Table 3.1) had TDS of around
45g/L. This predicts the significance of salt activity in designing polymer solution
with the desired viscosity. One brine always has a higher sulfate content than the
other.
• At a lower polymer concentration of 300 ppm, it was impossible to differentiate
the viscoelastic properties of the polymer solutions based on the sulfate present
(Chapter 4).
7.2.2 IFT Results
Figure 7.2 presents the static interfacial measurements between the brines mentioned in
Table 3.1 and dead oil. The results show that the amount of TDS has a significant impact
on IFT. The lowest values were measured for the SSW and SSW+4SO−24 . Figure 7.2
also shows that doubling the amount of sulfate in SSW also doubled the IFT values and
that a further increase in sulfate reduced the static IFT at the fluids interface. Moreover,
diluted brines resulted in the highest values of IFT for both brines. These results are
in agreement with Sohrabi et al. [36], who concluded that the interfacial layer is more
stable and elastic in the case of low-salt brine. This IFT response also predicts the ionic
reaction between brine and oil at the interface. Active ionic interaction at the fluid-fluid
interface is expected to develop a bond of divalent ions in brine and polar oil compounds
(asphaltene and NAs) [34] [35]. This interaction results in the development of a stable
interfacial layer at the interface and hence increased IFT values.
This mechanism enhances the development of the elastic layer at the interface, which
corresponds to higher recovery [1] [35] [3]. However, increasing the amount of sulfates
in SSW by four times results in a water-in-crude oil microemulsion at the fluid-fluid
interface. According to previous studies [92] [31], the controlling mechanism is associated
with two coalescence-suppressing interfacial barriers between fluids. Summarising the
IFT response, higher values of IFT at the interface enhance the ionic interfacial properties
(indirectly, elasticity), which, in turn, is expected to produce larger oil drops.
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Figure 7.2: Interfacial tension (IFT) between brines and crude oil at 22°C
7.2.3 Oil Drop Volume Measurements at Snap-off Point
Figure 5.7 shows the measured oil-drop volume in SSW brine. The oil drop was sustained
on the needle for 21 minutes before snap-off, resulting in 7.5 µL oil volume. Similarly, the
oil drop volume and snap-off time was measured for two more brines, as presented in Fig-
ure 7.3. The interfacial response of fluids (oil-brine) appears to be in line with the results
of IFT measurements. As IFT data depicted the lowest value for SSW+4SO−24 brine,
the smallest drop size was expected for this brine. Small drop volume was produced due
to a water-in-crude oil microemulsion at the fluid-fluid interface (coalescence-suppressing
interfacial barriers), which resulted in quick oil-drop snap-off from the needle.
Moreover, SSW+2SO−24 resulted in two times the IFT compare to SSW; presumably,
this is due to the generated stable layer (at the interface) due to sulfates in brine and
polar oil compounds (asphaltene). The higher IFT value generated a larger oil drop
of 12.5 µL. Note that it was expected that larger oil drops would be produced in both
diluted brines (Brine 2 and Brine 3 of BG2 group) of Table 3.1.
Overall, it was observed that a slightly higher IFT indicates an improved and stable
interfacial layer developed at the oil-brine interface. This improved interfacial layer as-
sists with continuous oil flow, resulting in larger oil drops (ganglia) during brine flooding
and hence is expected to recover more oil.
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Figure 7.3: Oil drop size analysis before snap-off for different brines at 22°C
7.2.4 Wettability Conditions of Porous Media
Contact angle data after the six-week aging process, presented in Figure 7.4, helped
to preliminarily confirm the wettability alteration of core plugs. Chapter 5 provides a
detailed description of contact angles for aged and unaged cores for wettability alteration.
It is believed that this wettability alteration process happened after three weeks of aging.
It is assumed that for plugs with a three-week aging period, the wettability condition of
mix-wet to oil-wet can be achieved. Skauge et al. [102] also proposed polar compound
attachment for the Bentheimer sample.
Figure 7.4: Pendant drop method for contact angle measurement between oil-saturated, six-
week aged core plug and oil drop at 0 minutes (left) and after 60 minutes (right) at 22°C
Moreover, the wettability of the micromodel was confirmed by visual observation,
through the concave/convex interface of the reservoir fluids (oil and brine) with a circular
matrix structure. The concave shape of the wetting phase spreading over the rock matrix
can be seen in Figure 7.5. However, the non-wetting phase adopted a convex shape at
the fluid interface. The water-wet micromodel has the concave shape of the water phase
(in blue) and the convex shape of the oil phase (in green), as presented in Figure 7.5.
Similarly, the oil-wet micromodel has the concave shape of the oil phase (in green) and
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the convex shape of the water phase (in blue), as shown in Figure 7.5. For the complex-
wet micromodel, some parts are water-wet while other parts are oil-wet. It is believed
that the oil-wet model resembles the six-week aged core plugs while the complex-wet
micromodel resembles the three-weeks aged core plugs for flooding result comparisons.
Figure 7.5: Micromodel with different wettability conditions. The left side of each wettability
condition represents the micromodel with initial oil saturation while the right side is the zoomed-
in image of the bottom-right corner for each micromodel at 22°C
7.3 Oil Recovery and Pressure Response of Secondary-
mode Brine Flooding
7.3.1 Flooding Sequence
Brine flooding was performed as the secondary mode in the micromodels and aged core
plugs for comparison purposes to investigate the recovery mechanisms. Further polymer
flooding was performed as the tertiary mode in the mix-wet micromodels and three-week
and six-week aged core plugs to cross-validate the synergies and benefits of the hybrid
EOR process. Oil and polymer viscosities are listed as Nr. 1 through 4 in Table 3.3. For
this investigation, the flooding sequences and results previously obtained in Chapters 4
through 6 were used to determine the primary recovery mechanism.
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7.3.2 Oil-Wet Porous Media
Table 7.1 and Figure 7.6 describe the secondary-mode RFs of different brine floods for
six-week aged core plugs and the oil-wet micromodels. Additional RF (Add. RF) in Table
7.1 describes the additional RF compared to the RF of SSW while Diff.CF/ Diff.MM in
Figure 7.6 describes the difference in the RF of the brine flood minus the RF through
SSW injection. As can be seen from Table 7.1 and Figure 7.6, the highest RF was
achieved for both porous media when flooded with SSW+2SO−24 .
Oil-wet Micromodel
Brine flooding through the micromodel produced lower RFs (32-35%) for all of the brines
presented in Table 7.1 and Figure 7.6. There was additional oil recovery of 2%, as seen
from Table 7.1, for the sulfate-modified water and DSSW compared to the base brine.
This 2% additional recovery can be attributed to the fluid-fluid interaction developed in
the reservoir. Mahzari and Sohrabi [34] and Sohrabi et al. [36] and Morin et al. [35]
also reported higher oil recovery through the improved fluid-fluid interaction.
Further, similar additional recovery from sulfate-modified water and DSSW sup-
ported the assumption that fluid-fluid interfacial interaction can only contribute an ad-
ditional 2% oil (from the oil-wet micromodel). Significantly higher recovery from DSSW
due to stronger static IFT values can be reasonably expected (Figure 7.2), but this was
not observed during the flooding process. The recovery also confirms that no additional
oil was produced due to wettability alteration. It was not possible to alter the micro-
model wettability to water-wet through sulfate-modified water injection or low-salt brine
flooding, presumably due to the adsorption of the hydrophobic layer at the matrix. Fig-
ure 6.8 confirms that the wettability of oil-wet micromodels remains unchanged after 10
PV brine flooding was performed (concave-convex contact of fluids with the matrix).
Six-Week Aged Core Plugs
There was significantly higher oil recovery using SSW+2SO−24 for Bentheimer core plugs
compared to the micromodel (Table 7.1 and Figure 7.6). It is assumed that this high
recovery of 45.69% was obtained through the combined recovery mechanisms of wetta-
bility alteration and fluid-fluid interfacial interaction. Sulfate-modified water injection
through the micromodel confirmed the 2.17% additional oil recovery through fluid-fluid
interfacial interaction. Moreover, a 9.31% difference between the micromodel and core
plug RFs was contributed through the wettability alteration mechanism (core plug wet-
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tability alteration to water-wet). Oil polar compounds’ attachment on the rock matrix
during the aging process was not permanent, and wettability alteration was achieved
through ionic interaction between the rock-oil-brine systems. The data are in good
agreement with those presented for wettability alteration of core plugs through low-salt
water injection or sulfate-modified water flooding ([79] [80] [81] [82]). Therefore, wetta-
bility alteration (rock-fluid interaction) in core plugs is a more straightforward approach
than comparing wettability alteration in the micromodels. Hence, significantly higher oil
recovery was obtained with the core plugs. The IFT and oil-drop snap-off volume mea-
surements indicate that SSW+4SO−24 cannot develop a stronger fluid-fluid interaction.
Further, oil recovery through SSW+4SO−24 flooding should be lower than that through
SSW+2SO−24 flooding due to a weaker fluid-fluid interfacial interaction. The lower RF
from SSW+4SO−24 is confirmed in Table 7.1, which is in line with the results obtained
for IFT and oil-drop snap-off volume measurements.
These results suggest that interfacial interaction as well as wettability alteration pro-
duce higher oil recovery compared to the base SSW injection. Moreover, the primary
recovery mechanism in micromodels is only fluid-fluid interfacial interaction with neg-
ligible wettability alteration. Note that for the core plugs evaluated here, wettability
alteration is the main recovery mechanism. Hence, the oil contributed from wettability
alteration was much greater than the oil produced by fluids’ interfacial interaction.
Figure 7.6: Oil RFs of secondary-mode brine flooding through oil-wet core plugs and micro-
models.
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Table 7.1: Oil-wet cores and micromodel flooding with initial fluid saturations and oil recovery
in secondary-mode brine flooding
Porous Media Brine Flood
Soi Swc RF Add. RF
%
6-week Aged CF
SSW 84.34 15.66 34.27 -
SSW+2SO−24 82.11 17.89 45.69 11.42
SSW+4SO−24 81.33 18.67 38.98 4.71
Oil-wet MM
SSW 85.02 14.98 32.84 -
SSW+2SO−24 85.13 14.87 35.01 2.17
DSSW 83.48 16.52 34.84 2.00
Figure 7.7: Pressure response of secondary-mode brine flooding through six-week aged Ben-
theimer core plugs at a flux rate of 1ft/day.
Pressure Profiles
Figure 7.7 and Figure 7.8 present the pressure profiles for the injected brines in the core
plugs and micromodels, respectively. The pressure response through core plugs is slightly
unstable with large bumps compared to the micromodel. Such bumps are expected due
to the low injection rate compared to the oil drop movement. Further, nearly the same
pressure response was observed for the injected fluids through a specific porous media
(core plugs or micromodels). Brine flooding was performed at the flux rate of 1ft/day,
but core flooding resulted in almost doubled pressure values compared to micromodel
flooding.
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Figure 7.8: Pressure response of secondary-mode brine flooding through the oil-wet micromodel
at a flux rate of 1ft/day
7.3.3 Mixed-Wet Porous Media
RFs of injected brines from three-week aged core plugs and the complex-wet micromodel
are presented in Table 7.2 and Figure 7.11. The comparison in the previous section
(oil-wet system) with the mix-wet system further deepened the investigation based on
the fluid-fluid and rock-fluid interactions (wettability alteration).
Table 7.2: Complex-wet cores and micromodels with initial fluid saturations and oil recovery
in secondary-mode brine flooding
Porous Media Brine Flood
Soi Swc RF Add. RF
%
3-week Aged CF
SSW 79.4 20.6 32.22
DSSW 75.4 24.6 36.9 4.68
DSSW+2SO−24 75.5 24.5 37.87 5.65
Complex-wet MM
SSW 81.28 18.73 39.58
DSSW 80.27 19.74 43.56 3.98
SSW+2SO−24 80.66 19.34 42.71 3.13
Mix-wet Micromodel
Oil RFs for the mixed-wet micromodel are presented in Table 7.2 and Figure 7.11. It can
be seen that both modified brines (DSSW and SSW+2SO−24 ) produced higher oil recov-
ery (3-4%) compared to the base brine (SSW). Similar to the previous section (oil-wet),
additional oil recovery was produced only through the fluid-fluid interfacial interaction
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Figure 7.9: Pressure response of secondary mode brine flooding through three-week aged Ben-
theimer core plugs at a flux rate of 1ft/day
at the oil-brine interface. No wettability alteration was achieved using modified water
or through low-salt brine ionic activity.
Three-Week Aged Core Plugs
Oil RFs of the three-week aged core plugs presented in Table 7.2 were significantly lower
than the RF from six-week aged plugs in Table 7.1. The first reason for lower oil recovery
is the difference in the wettability conditions of core plugs. During the three-week aging
process, fewer polar compounds were attached to the rock matrix compared to the six-
week aging period. This led to less wettability alteration during DSSW+2SO−24 flooding
in the three-week aged core plugs. The second reason is that there was 10 times less
sulfate in DSSW+2SO−24 compared to the SSW+2SO−24 brine. Hence, oil recovery from
the three-week aged core plugs was achieved mainly due to fluid-fluid interaction, with
a weaker effect of the wettability alteration as a recovery mechanism.
Pressure Profiles
Pressure profiles of the brine floods are presented in Figure 7.9 and Figure 7.10 for core
and micromodel flooding. Pressure profiles for brine flooding in micromodel are smoother
than for core flooding. Core flood pressure responses with bumps over a wide range were
also observed for oil-wet core plugs, as discussed in the previous section.
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Figure 7.10: Pressure response of secondary-mode brines flood through complex-wet micromodel
at a flux rate of 1ft/day
Theoretically, the difference in the additional recovery between three-week aged
core flooding and mixed-wet micromodel flooding should be smaller than the differ-
ence discussed for the oil-wet system. This difference is confirmed through RFs of
SSW+2SO−24 /DSSW+2SO−24 between CF and MM in oil-wet and complex-wet sys-
tems. The recovery difference of 2.52% in the mixed-wet system is much smaller than
the difference of 9.25% for the oil-wet system. This difference in RFs emphasizes the
critical role of wettability alteration as the leading oil recovery mechanism compared to
fluid-fluid interfacial interaction.
7.4 Brine Bump-rate Flooding
After secondary-mode brine flooding, brine bump-rate injection was performed for all of
the experiments mentioned above to eliminate any capillary end effects before performing
tertiary-mode polymer flooding. Through MM, bump rate injection was performed at an
injection rate five times greater than the brine rate. The core flooding was performed at
a rate 2.3 times greater than the brine flooding. Oil RFs and pressure profiles for bump
rate injection are excluded in this chapter to focus on the recovery comparison between
secondary- and tertiary-mode flooding.
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Figure 7.11: Oil RFs of secondary-mode brine flooding in mixed-wet core plugs and micromod-
els
7.5 Oil Recovery and Pressure Response for Tertiary-
mode Polymer Flooding
7.5.1 Complex-wet Micromodel
Polymer Viscosity Half of the Oil Viscosity (Tertiary Mode)
No additional oil recovery was obtained with tertiary-mode polymer flooding, as shown
in Figure 6.22 and Figure 6.23. There are two possible reasons for this:
• There is a lower polymer viscosity compared to oil viscosity. Moreover, mechanical
degradation of the polymer solution while flowing through flow lines can result in
an even lower viscosity of the polymer solution than the actual polymer viscosity.
Hence, polymer viscosity is expected to be less than half that of oil. Injected
polymer follows the flow path of the pre-injected brine flood and cannot displace
the oil due to lower aqueous viscosity.
• The pressure drop for polymer flooding is less than the pressure drop of the bump
rate (pressure profiles in Figure 6.23). Hence, the bump rate produced additional
oil due to the greater pressure drop. However, polymer flooding resulted in less of
a pressure drop compared to the bump rate and hence no further oil was produced.
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Polymer Viscosity Equal to the Oil Viscosity (Post-tertiary Mode)
Looking at the final oil RFs of the micromodel in Table 7.3, the combination of brine
flooding with polymer resulted in 5.71% higher recovery for SSW+2SO−24 compared
to the combination of SSW with the polymer. As previously discussed, no wettability
alteration occurred in the micromodel. This difference in oil recovery was due to the
fluid’s ionic interfacial mechanism plus viscosity support of the polymer flood. This
difference in oil recovery was due to the combined EOR techniques of sulfate-modified
water flooding with polymer flooding. SSW+2SO−24 helped develop a stable ionic layer
around the oil phase and produce oil ganglia inside the reservoir while follow-up polymer
flooding helped produce these ganglia due to improved aqueous phase viscosity. Pressure
profiles of both micromodels are presented in Figure 6.25 and Figure 6.27. This post-
tertiary polymer injection resulted in a higher-pressure response for polymer prepared in
SSW+2SO−24 brine (28 mBar) compared to polymer prepared in SSW (20 mBar). This
higher pressure drop, in turn, played a vital role in higher oil recovery, as seen in Table
7.3.
Table 7.3: Oil recovery of core plugs and mix-wet micromodels in secondary-mode brine flooding
and tertiary-mode polymer flooding
Aging/ Wettability Porous Media Brine Flood
Soi Swc Brine RF Polymer RF Total RF
%
3-week aging CF
SSW 79.40 20.6 32.22 - -
DSSW 75.40 24.6 36.90 6.90 43.80
DSSW+2SO−24 75.50 24.5 37.87 9.60 47.47
Mix-wet MM
SSW 81.28 18.73 39.58 4.33 43.91
SSW+2SO−24 80.66 19.34 42.71 6.91 49.62
6-week aging CF
SSW 84.34 15.66 34.27 13.94 48.21
SSW+2SO−24 82.11 17.89 45.69 8.84 54.53
SSW+4SO−24 81.33 18.67 38.98 9.90 48.88
7.5.2 Three-Week Aged Core Plugs
Figure 7.12 presents pressure profiles for tertiary-mode polymer flooding in three-week
aged cores. Polymer solutions with half the viscosity of oil were selected for tertiary-mode
injection. Looking at the RF of polymer floods for three-week aged core plugs in Table
7.3, 2.7% more oil was obtained from polymer flooding after DSSW+2SO−24 . This higher
recovery can be attributed to the combined effect of greater pressure drop with polymer
injection combined with fluid-fluid interaction. Moreover, comparing the final RFs after
combined EOR techniques, 3.67% higher recovery was produced from sulfate-modified
water combined with polymer flood compared to low-salt brine combined with polymer
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flooding. With the three-week aging process, wettability alteration was not the main
recovery mechanism for brine flood. The main contribution of oil recovery is expected
from the interfacial interaction of fluids. Pressure response for polymer prepared in
the spiked amount of sulfate brines (DSSW+2SO−24 ) was higher than for the DSSW
brine (almost doubled at 2.5 PV). This higher pressure response also supports higher oil
recovery with polymer flooding (polymer- DSSW+2SO−24 ).
7.5.3 Six-Week Aged Core Plugs
Figure 7.13 presents the pressure profiles of six-week aged core plugs for secondary-mode
brine flooding and tertiary-mode polymer flooding. Polymers injected in the tertiary
mode have viscosity half that of oil. Polymer-SSW produced the maximum amount of
oil with an additional RF of 13.94%. This higher recovery was contributed due to higher
ROS in the core plugs after secondary-mode SSW brine flooding. This higher amount of
unflushed oil (ROS) was produced through tertiary-mode polymer flooding resulting in
higher recovery. However, comparing the combined EOR effects of brine in combination
with polymer flooding, sulfate-modified water (SSW+2SO−24 ) produced the highest oil
recovery. The combined EOR of sulfate-modified water resulted in additional oil recovery
of 6.32% compared to SSW due to strong fluid-fluid/rock-fluid interaction and follow-up
higher aqueous viscosity of polymer flooding.
7.5.4 Final RFs
A summary of the final/total RFs for both porous media—core plugs and the complex-
wet micromodel—can be seen in Table 7.3. For the data obtained, the combination
of sulfate-modified water (SSW+2SO−24 and DSSW+2SO−24 ) always led to higher re-
covery compared to the base brine flood (SSW). This investigation concludes that the
spiked amount of sulfate plays a significant role in disturbing the ionic equilibrium in
a reservoir, which, in turn, initiates fluid-fluid and rock-fluid interactions. Comparing
the final RFs obtained for SSW+2SO−24 flooding combined with polymer flood in Table
7.3, rock-fluid interaction is the dominant mechanism compared to fluid-fluid interaction.
Although higher viscosity polymer was injected through the micromodels (compare to
core flooding), less oil recovery was obtained. This low recovery was due to the lack of
rock-fluid interaction in the micromodel. This study concludes that both mechanisms
(fluid-fluid interfacial interactions and wettability alteration) are essential for higher oil
recovery during low-salt or sulfate-modified water flooding, but wettability alteration is
the dominating and primary recovery mechanism.
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Figure 7.12: Pressure drop versus PV injected for three-week aged core plugs. Brine injection
(5g/L TDS) was performed in the secondary mode while polymer flooding (half the viscosity of
oil) was performed in the tertiary mode.
7.6 Results and Remarks
This chapter helps with the understanding of the main recovery mechanism for modi-
fied water flooding based on sulfate content and outlines the benefit of using coupled
data obtained from core plugs and micromodel flooding. Furthermore, it helps confirm
whether the main recovery mechanism of sulfate-modified water injection is fluid-fluid
interfacial interaction or wettability alteration or a combination of these.
Base on the static interfacial tension and oil-drop snap-off volume measurements,
it is clear that the doubled amount of sulfates in SSW improved the fluid-fluid in-
teraction. This improvement in fluid-fluid interaction led to large oil drop formation
in SSW+2SO−24 brine, which assisted with continuous oil flow while limiting the oil
trapped in porous media, and is hence associated with higher oil recovery. Additionally,
two-phase sulfate-modified water flooding in oil-wet and mixed-wet micromodels con-
firmed that the additional oil recovery can be mainly attributed to fluid-fluid interfacial
interaction.
Comparison of sulfate-modified water flooding in the oil-wet core plugs with the oil-
wet micromodel leads to the assumption that rock-fluid interaction is the dominating
recovery mechanism in core plugs. The strong rock-fluid interaction in core plugs helped
produce significantly higher oil recovery compared to the oil recovery obtained from
the micromodel. Moreover, comparing the six-week aged core plug and the three-week
aged core plug indicates that the oil-wetting condition of the reservoir is the primary
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Figure 7.13: Pressure drop versus PV injected for six-week aged core plugs. Brine injection
(17-41g/L TDS) was performed in the secondary mode while polymer flooding (half the viscosity
of oil) was performed in the tertiary mode.
requirement for the rock-fluid interaction.
On one hand, RFs between fluid-fluid interaction and rock-fluid interaction indicate
that rock-fluid interaction is the dominating recovery mechanism in oil-wet reservoirs.
On the other hand, oil recovery results show that secondary-mode sulfate-modified water
injection and tertiary-mode polymer flooding resulted in the lowest ROS, hence proposing





This chapter evaluates the viscoelastic phenomenon in high-molecular-weight polymers
(24-28 M Daltons) used for EOR applications based on single-phase polymer core flood-
ing experiments. The evaluation refers to the polymer discussed in the previous chapters
and others that were used only for screening and comparison purposes. First, the in-
vestigation of the impact of sulfates on polymer viscoelastic properties during polymer
flooding is studied. Chapters 4 and 5 determined the sensitivity of spiked sulfate brine
for polymer mechanical degradation. However, Chapter 7 indicated a higher pressure
drop of the polymer with spiked sulfate in the mixed-wet micromodel/core plugs. These
contradictory results motivate the further investigation of polymer viscoelastic properties
using single-phase polymer flooding.
Second, an evaluation of the impact of semi-harsh conditions (salinity, hardness, and
temperature) is performed. The addition of sulfate to modified water changes the salinity
and hardness of the brine. Hence, the roles of salinity and hardness are also investigated
for polymer viscoelastic properties using two different brines. The findings of this chapter
were organized, prepared, and split for journal publications 1) ”Coupling Microfluidics
Data with Core Flooding Experiments to Understand Sulfonated/Polymer Water Injec-
tion” in Polymers 2020 (ISSN 2073-4360), 12(6), 1227; and 2) ”Elongational and Shear
Evaluation of Polymer Viscoelasticity during Flow in Porous Media” in Applied Sciences
2020 (ISSN 2076-3417), 10(12), 4152; https://doi.org/10.3390/app10124152.
8.1 General Methodology and Approach
This work investigates the polymer viscoelastic properties, focusing on single-phase poly-
mer flooding through Bentheimer core plugs. The objectives of this chapter were achieved
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using the following methodologies:
• Brine preparation: Four brines were prepared, focusing on salinity, hardness,
and increasing the sulfates for mixing polymer solutions, presented as BG4 Table
3.1.
• Polymer diluted solutions: High concentrations (2,000 ppm and 3,000 ppm) of
polymer solutions were prepared using Flopaam 6035 S and Hengfloc 63026 poly-
mer to investigate the pore-scale mechanism of viscoelasticity. Polymer solution
viscosities are Nr. 5 and Nr. 6 in Table 3.3.
• Single-phase polymer flooding: Bentheimer core plugs saturated with brine,
described as CG3 in Table 3.5, were used for the single-phase polymer flooding.
Polymer flooding was performed over increasing injection rates to observe the cor-
responding pressure response. Core flooding experiments were performed at room
temperature (22°C) and a higher reservoir temperature (45°C).
8.2 Single-phase Core Flooding
8.2.1 Impact of Sulfates on Polymer Viscoelasticity
Chapters 4 and 5 discussed that a spiked amount of sulfate in polymer solutions makes
them sensitive to mechanical degradation while flowing through flow lines. Polymer
solutions’ viscosity is significantly decreased before entering the core plugs because an
increase in the amount of sulfate in polymer solutions increases the sensitivity to mechan-
ical degradation while flowing through flow lines (Chapters 4 and 5). However, looking
at the pressure profiles through mixed-wet micromodels and three-week aged core plugs,
pressure response for polymer solution with a spiked amount of sulfate is significantly
higher compared to the polymer solution in SSW. This higher pressure during polymer
flooding is in contradiction to the mechanical degradation that happens before entering
the core plugs. There are two main reasons for the high pressure of the spiked sulfate
polymer in porous media.
• The first reason is the improvement in polymer viscoelastic properties while flow-
ing through the multiple converging-diverging geometries of the porous media.
Improved viscoelastic properties cause resistance in flow due to stretching of long-
chain polymer molecules and hence an increase in pressure is observed.
• The second reason is the improved interfacial bondage developed at the brine-oil
interfaces, which either develops oil ganglia or holds the water-phase attachment
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with the remaining oil due to a fluid’s ionic interaction. This fluid-fluid interaction
indirectly narrows the flow path for polymer molecules and hence results in the
higher-pressure response.
To understand the leading cause of the higher pressure drop, single-phase polymer
flooding was performed through the Bentheimer core plugs, with SSW and brine with
four times the spiked amount of sulfate (Brine 9 and Brine 10 of BG4 from Table 3.1).
Polymer injection (2,000 ppm) was performed over a wide range of increasing flux rates
of 1 ft/day to 33 ft/day, as described in Figure 8.1 and Figure 8.2. The shear pressure
drop corresponds with the pressure value calculated after matching the polymer viscosity
values measured by a viscometer (using Darcy’s equation) against the apparent viscosity
in the core while the CF/total pressure drop corresponds with the pressure measured
for core flooding. The difference in values corresponds with the values of SSW minus
the values of SSW+4SO−24 at the same flux rate. The pressure profile for SSW polymer
flooding is always slightly higher than for SSW+4SO−24 polymer.
Moreover, the difference in pressure drop remained constant for all flux values with
the same trend line. The pressure ratio presented in Figure 8.2 indicates that polymer-
SSW presented higher values than polymer-SSW+4SO−24 (flux rate higher than 1*10−4
m/s). At flux values higher than 1*10−4 m/s, the slope of both polymer solutions in-
creased due to the dominance of viscoelastic response. However, this dominance was
observed for both polymer solutions. This justifies that a spiked amount of sulfates can-
not improve the viscoelastic response of polymer solutions while flowing through porous
media. Further, increased sulfates make polymer solution sensitive to mechanical degra-
dation, which resulted in a slightly lower pressure drop compared to polymer prepared in
SSW in single-phase flooding. Hence, it can be concluded that the high-pressure profiles
for polymer with the spiked amount of sulfates though micromodels and three-week aged
core plugs were due to the presence of strong interfacial layer at the oil-brine interface.
8.2.2 Impact of Semi-harsh Conditions on Polymer Viscoelas-
ticity
Two synthetic high-molecular-weight viscoelastic polymers, Hengfloc 63026 and Flopaam
6035 S (MW=24-28MD), were used to prepare the diluted solutions at concentrations
of 3,000 ppm using two brines (Brine 7 and Brine 8 of BG4 from Table 3.1). The
viscoelastic phenomenon was observed in polymers via a similar approach to that pro-
posed by Heemskerk et al. [130], where the pressure drop measured during polymer
flooding experiments is plotted against interstitial velocity. Heemskerk’s work described
127
8. Polymer Viscoelastic Properties
Figure 8.1: Pressure drop/difference in pressure drop for two polymer solutions as a function
of the injection rate.
shear-thinning behaviour for a slope below 45º, shear thickening for a slope higher than
45º, and a Newtonian response for a slope of precisely 45º. The results presented here
are in excellent agreement with those reported by Heemskerk et al. [130]. Figure 8.3
illustrates the following observed behaviours of HPAM polymer solutions at different
temperatures prepared in both brines: a characteristic slope for a Newtonian response
at 45º, shear thinning below 45º, and shear-thickening behaviour above 45º. A seen in
Figure 8.3, Flopaam polymer has higher viscoelastic properties (pressure drop) compared
to Hengfloc polymer at a specific temperature and in the same brine. Furthermore, for
Flopaam polymer, the pressure drop of the polymer solution prepared in GB (German
brine from Table 3.1) at 22°C is higher than the pressure drop of the same polymer
prepared in SSW2 (from Table 3.1) at 45°C. This behaviour indicates that temperature
has a stronger effect on decreasing polymer viscoelastic properties compared to the brine
hardness.
Figure 8.4 shows a typical plot that represents the pressure response related to in-
jection interstitial velocity for different conditions. The plots consider the total pressure
(∆PT ) obtained during core flooding measurement. The pressures associated with shear
(∆PS) are determined by Darcy’s law using rheometer viscosity data, and pressure drops
due to elongation (∆PE) are measured using e-VROC. These results allow any additional
pressure drop to be classified as an excessive pressure drop caused by turbulence. This
excessive pressure drop could be caused by the mingling of flow lines, which changes
the flow sequence and causes resistance. From Figure 8.4, it appears that the calcu-
lated pressure drop matched the experimental data only at low interstitial velocity. The
calculation is performed with;
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Figure 8.2: Pressure ratio for two polymer solutions as a function of the flux rate. The pressure
ratio is defined as the polymer pressure drop at each flux rate divided by the pressure drop for
brine flooding at a flux rate of 10 ft/day.
∆PT=∆PS+∆PE+∆Pt,
where, ∆PT is total pressure obtained during core flooding, ∆PS is determined using
Darcy’s equation and the Carreau-Yasuda flow curve fitted to rheometer data, ∆PE is
the e-VROC measurement, and ∆Pt is the excessive pressure drop happening in porous
media (∆PT - ∆PE-∆PS)
Shear forces dominate at low interstitial velocities, which can be seen by comparing
the experimental pressure data with the rheometer data. Figure 8.4 clearly shows that,
at low flux values, the elongational pressure drop is lower and can be neglected. As
for flux increases, the viscoelastic nature of polymer becomes dominant, resulting in a
higher total pressure drop. This behaviour causes the total pressure drop to deviate
from the rheometer data. The viscoelastic response of the polymer is also confirmed
via the increase in the elongational pressure drop from intermediate to high flux values.
Figure 8.4 also shows that, at high injection rates, the elongational pressure drop almost
matches the total pressure drop during core flooding. The triangular area at medium
flux (crossover of pressure drop lines) represents excessive pressure drop in porous media,
which is not measured using e-VROC or a rheometer.
8.3 Results and Remarks
The results of single-phase polymer flooding indicate that the spiked amount of sulfates
in mixing brine does not enhance polymer’s viscoelastic properties. It also proves that
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Figure 8.3: Measured pressure drop as a function of the interstitial velocity for solutions
through Bentheimer core plugs. The data plotted is for HPAM Flopaam 6035 S/Hengfloc 63026
at different temperatures prepared in Brine 7 and Brine 8 from Table 3.1
the pressure drop of a spiked sulfate solution is slightly less than a solution with no or
fewer sulfates. Spiked sulfate polymers demonstrate a higher pressure drop in two-phase
flooding due to improved interfacial layer at the oil-brine interface developed during pre-
flushed modified water. Moreover, semi-harsh reservoir conditions significantly damage
the viscoelastic properties of polymers. The presence of divalent ions at high tempera-
tures makes it difficult for polymers to retain good viscoelastic properties. This issue can
be minimized using water-softening techniques for makeup water (solvent for polymer)
and prior low-salt water injection. Comparing the results obtained for pressure drop
in the core in with e-VROC and rheometer data provides insightful information about
turbulence-dominated excessive pressure drops occurring inside porous media. The ex-
istence of this excessive pressure drop in porous media helps with the understanding of
pore-scale mechanisms in reservoirs.
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Figure 8.4: Pressure drops as a function of interstitial velocity for an HPAM solution through
a Bentheimer core. The data plotted is for Flopaam 6035 S with 3,000ppm at 22°C in SSW
(left) and Hengfloc63026 with 3,000 ppm at 55°C in GB (right). The calculated pressures were
obtained using Darcy’s equation and the Carreau-Yasuda flow curve fitted to rheometer data.




Economic Perspective – An
Estimate
Low-salt/modified water is expected to be a cheaper EOR technique compared to other
chemical methods. This chapter outlines a basic, straightforward approach for economic
evaluation, focusing on the cost of modified water preparation. Modification of injected
water involves either the removal or addition of specific salts, which directly affects the
investment/cost incurred for a low-salt or modified water injection project. Previous
chapters (4-7) summarised the various types of modified water injected in combination
with polymer flooding. Here, economic evaluation is performed to select the most eco-
nomical injection water recipe. Note that this economic evaluation approximates the
possible scenarios to assist with understanding the potential impacts of each technique.
9.1 Low-salt Brines–BG2 Group in Table 3.1
Chapter 4 discusses brines prepared through the dilution process to reduce the TDS ≤
5g/L. A low-salt process occurs when the salinity of injection brine ranges 1,000 to 5,000
ppm. However, on a commercial scale, a significant amount of modified or diluted brine
is required to execute a project. Low-salt brines can be obtained through two scenarios:
• First, they can be obtained through available resources (shallow reservoir). Low-
salinity injection can be performed either by direct injection of freshwater or dilut-
ing freshwater with produced brine. Nevertheless, in both scenarios, a significant
amount of resources is essential. Most of the time, oil fields are located in bar-
ren places or far away from freshwater resources. Moreover, in some countries,
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there are restrictions on using freshwater for EOR, limiting the application of low-
salt/sulfate-modified water injection at the field scale.
• Second, low-salt brines can be produced through the desalination process of the
produced water. However, the desalination process is not cost-effective. A cost
estimation study from Sarai Aftab et al. [62] concluded that the desalination of
seawater (15,000 ppm) required an investment of 11.3 GBP to obtain water with
low salt (1,600 ppm). Further, it required 0.8 GBP/m3 in operational costs. Total
expenses (investment and operational cost) can significantly increase the cost of a
commercial project. Qtaishat et al. [61] performed a similar economic analysis for
brackish water desalination used for irrigation in the Jordan Valley. The authors
concluded an average desalination investment of JD 63.5 (m3/h), with an average
desalination cost of JD 0.38 per cubic meter.
Oil RFs of secondary-mode brine floods from Table 4.1 indicate that without polymer
flooding, it may not be economical to perform low-salt/sulfate-modified water flooding
in intermediate oil-wet reservoirs (2.60% to 5.65% extra oil recovery). Nevertheless,
with follow-up tertiary-mode polymer flooding, modified water with a spiked amount of
sulfates can make the project economical (12.20% to 15.25% extra oil recovery).
9.2 Spiked Sulfate Brine BG3 Group in Table 3.1
This group of brines was modified through the addition of sulfates in SSW. The com-
mercial price of Na2SO4 is USD 80-120/Ton. The average price of this salt is around 0.1
USD/kg, which is much lower than the average price of polymer, alkaline, and co-solvent
(3 USD/kg, 0.25 USD/kg, and 3 USD/kg, respectively [10]). The spiked amount of sul-
fate to design sulfate-modified water for this study is 8-16g/L (two times and four times
the sulfates in SSW). Comparing the price of Na2SO4 and the required amount of this
salt, it seems attractive and commercially economical to apply sulfate-based modified
water at field scale. Sulfate-modified water produced 11.42% to 17.22% extra oil recov-
ery compared to SSW flooding, which holds significant promise. Figure 9.1 presents the
cost of sodium sulfate to make the desired modified injection brine for the RF obtained.
The expense for a doubled amount of sulfates is less than the expense for a quadrupled
amount of sulfates in terms of the oil produced. SSW-CF represents the core plug with
SSW as the formation brine while 2*SSW-CF represents the core plug with doubled
seawater as the formation brine.
A high RF of SSW without sodium chloride salts can be seen in Table 5.3. However,
this technique can be expensive due to expenditures to remove non-PDI monovalent ions
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Figure 9.1: Price of the spiked amount of sulfates in [USD/bbl]/RF of injected modified SSW
to obtain the RF from core plugs.
from the brine (sodium ions). This technique is similar to the desalination method in
terms of capital investment as well as operational costs.
9.3 Results and Remarks
According to the observations, the proposed combination of techniques could lead to cost
optimization. A doubled amount of spiked sulfate in SSW resulted in a cost-effective
modified water process for injection in an oil-wet reservoir. No capital investment is
required and no special equipment needs to be installed for mixing the small amount of
sulfate in the injection brine. This recipe costs significantly less and will produce higher
oil recovery. Moreover, low-concentration polymer flooding in the tertiary mode after





This study aimed at investigating the physical aspects and recovery mechanisms of
sulfate-modified water injection in combination with polymer flooding in sandstone reser-
voirs. Multiple brine preparation recipes and injection schemes were investigated to
screen out the most effective modified water composition from technical and economic
perspectives. This work compares core floods and micromodels to cross-validate the
principal results and to deepen the investigation of the primary recovery mechanism
(wettability alteration or fluid-fluid interfacial interaction or both). Synergies of poly-
mer flooding in combination with brine injection were also investigated to evaluate the
potential oil recovery. Further, the comparison of different wettability micromodels con-
firmed that the concept of modified water works only in oil-wet/mixed-wet reservoirs.
For a detailed description of the findings, please refer to the results and remarks of
each chapter (4-9). Some of the key conclusions are summarised here to support the
objectives of the thesis.
• Modified low-salinity flooding combined with polymer flooding: Oil RFs
obtained during low-salt/low-salt sulfate-modified brine injection demonstrated the
potential results of wettability alteration through aged core plugs. It was concluded
that low-salt and low-salt sulfate-modified water injection should be performed
before polymer flooding to initiate the wettability alteration process. Follow-up
polymer flooding displaced the detached and trapped oil droplets due to improved
polymer viscoelastic properties. It was observed that polymer solutions prepared
in sulfate-modified brine resulted in a higher-pressure drop during flooding, which
supports the significantly higher oil recovery after sulfate-modified low-salinity
flooding. The concept of modified water and polymer flooding synergies works
efficiently, resulting in promising oil recovery. However, linear viscoelastic mea-
137
10. Conclusions
surements could not completely predict the polymer viscoelastic response at low
polymer concentrations.
• Modified seawater flooding combined with polymer flooding: The role
of the interfacial layer (oil-brine interaction) was investigated in parallel with the
wettability alteration (rock-fluid interaction) process to accomplish higher oil recov-
ery. High salinity (close to SSW) modified water recipes were investigated. Static
interfacial tension and oil-drop snap-off volume measurements confirmed the de-
velopment of the stable and elastic layer at the oil-brine interface by sulfate-active
ionic interactions. Later, core flood experiments proved that sulfate-modified brine
injection disturbed the established ionic equilibrium in the reservoir, which resulted
in wettability alteration and the development of a stable interfacial layer. However,
the amount of sulfate added in the injection brine must be compatible with the
amount of divalent cations in the formation brine. Oil recovery results indicated
that secondary-mode sulfate-modified brine injection and tertiary-mode polymer
flooding resulted in the lowest ROS, hence proposing the synergies and benefits of
combined EOR techniques.
• Sulfate-modified seawater flooding in micromodels: The concept of fluid-
fluid interaction was further investigated through flooding performed in the mi-
cromodels with the various brines. It was not possible to alter the wettability
(rock-fluid interaction) of oil-wet micromodels with modified brine flooding. Oil-
wettability was established by applying a chemical layer at the matrix structure,
which was impossible to remove with the injected modified brine. Hence, additional
oil recovery obtained from low-salt/sulfate-modified seawater was only through the
recovery mechanism of fluid-fluid interaction. Moreover, it was confirmed that low-
salt/sulfate-modified seawater injection produced additional oil recovery only in the
oil-wet/complex-wet micromodels.
• Comparative investigation of modified water injection: Comparative in-
vestigation of micromodels and core plug flooding concluded that rock-fluid inter-
action (wettability alteration) was the dominating recovery mechanism compared
to fluid-fluid interaction. Significant additional oil recovery was contributed from
wettability alteration compared to the oil-brine interaction. Additional oil recov-
ery was obtained from the core plugs by low-salt/sulfate-modified seawater flooding
from both recovery mechanisms of wettability alteration and fluid-fluid interaction.
However, the additional oil recovery from oil-wet and mixed-wet micromodels was
achieved only by fluid-fluid interaction.
• Polymer viscoelastic properties: The results of single-phase polymer flooding
showed that a spiked amount of sulfate did not enhance the polymer viscoelastic
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properties. Moreover, the higher-pressure drop with polymer flooding with a spiked
amount of sulfates in the two-phase mixed-wet micromodel and core plugs was due
to improved interfacial interaction at the oil-brine interface developed during pre-
flushed modified/low-salt water flooding. It was also determined that single-phase
polymer flooding under semi-harsh conditions (salinity, hardness, reservoir tem-
perature) sharply decreased the polymer viscoelastic properties. High temperature
and the presence of divalent cations in the formation brine developed worse con-
ditions for polymer viscoelastic response. This issue can be minimized through
the use of low-salinity/sulfate-modified water pre-flush. Additionally, comparing
the core flood pressure drop with e-VROC and rheometer data provided insightful
information about turbulence-dominated excessive pressure drop occurring inside
the porous media.
• Economic perspective analysis: Doubling the amount of sulfates of seawater
resulted in optimum modified water for sandstone reservoirs in terms of lower
expenses and maximum oil recovery. This sulfate-modified water required neither
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